a2 United States Patent

US009081247B1

(10) Patent No.: US 9,081,247 B1

Pradhan et al. 45) Date of Patent: Jul. 14, 2015
(54) DRIVING THIN FILM SWITCHABLE (56) References Cited
OPTICAL DEVICES
U.S. PATENT DOCUMENTS
(71) Applicant: View, Inc., Milpitas, CA (US) 5124833 A 6/1992 Barton ef al.
5,170,108 A 12/1992 Peterson et al.
(72) Inventors: Anshu A. Pradhan, Collierville, TN 5,204,778 A 4/1993 Bechtel
(US); Disha Mehtani, Mountain View, 5,220,317 A 6/1993 Lynam et al.
CA (US); Gordon Jack, Santa Clara, (Continued)
CA (US)
FOREIGN PATENT DOCUMENTS
(73) Assignee: View, Inc., Milpitas, CA (US)
CN 101969207 A 2/2011
(*) Notice: Subject to any disclaimer, the term of this EP 0445314 9/1991
patent is extended or adjusted under 35 (Continued)
U.S.C. 154(b) by 0 days. OTHER PUBLICATIONS
(21) Appl. No.: 14/657,380 U.S. Appl. No. 14/468,778, filed Aug. 26, 2014.
(Continued)
(22) Filed: Mar. 13,2015
Primary Examiner — James Jones
(74) Attorney, Agent, or Firm — Weaver Austin Villeneuve
Related U.S. Application Data & Sampson LLP; Brian D. Griedel
(63) Continuation of application No. 13/682,618, filed on (57) ABSTRACT
Nov. 20, 2012, and a continuation-in-part of Controllers and control methods apply a drive voltage to bus
application No. 13/452,032, filedon Apr. 20,2012, and bars of a thin film optically switchable device. The applied
a continuation-in-part of application No. 13/449,248, drive voltage is provided at a level that drives a transition over
filed on Apr. 17, 2012. the entire surface of the optically switchable device but does
(60) Provisional application No. 61/680,221, filed on Aug. not damage or degrade the device. This applied voltage pro-
6,2012. duces an effective voltage at all locations on the face of the
device that is within a bracketed range. The upper bound of
(51) Int.CL this range is associated with a voltage safely below the level
GO2F 1/153 (2006.01) at which the device may experience damage or degradation
GO2F 1/163 (2006.01) impacting its performance in the short term or the long term.
GO2F 1/155 (2006.01) At the lower boundary of this range is an effective voltage at
(52) US.CL which the transition between optical states of the device
CPC oo GO2F 1/163 (2013.01); GO2F 1/155 ~ occurs relatively rapidly. The level of voltage applied
(2013.01) between the bus bars is significantly greater than the maxi-
(58) Field of Classification Search mum value of the effective voltage within the bracketed

USPC ittt 359/275
See application file for complete search history.

NRRNNNNN

Z

I

N
R

\

77

range.
47 Claims, 11 Drawing Sheets




US 9,081,247 B1

Page 2
(56) References Cited 2004/0135989 Al 7/2004 Klebe
2004/0160322 Al 8/2004 Stilp
U.S. PATENT DOCUMENTS 2005/0200934 Al 9/2005 Callahan et al.
2005/0225830 Al  10/2005 Huang etal.
5,290,986 A 3/1994 Colon et al. 2005/0268629 Al 12/2005 Ahmed
5,353,148 A 10/1994 FEid et al. 2005/0270620 Al 12/2005 Bauer et al.
5365365 A 11/1994 Ripoche ef al. 2005/0278047 Al  12/2005 Ahmed
5,379,146 A 1/1995 Defendini 2006/0018000 Al 1/2006 Greer
5,384,578 A 1/1995 Lynam et al. 2006/0107616 Al 5/2006 Ratti et al.
5,402,144 A 3/1995 Ripoche 2006/0170376 Al 8/2006 Piepgras et al.
5,451,822 A 9/1995 Bechtel et al. 2006/0187608 Al 82006 Stark
5,598,000 A 1/1997 Popat 2006/0209007 Al 9/2006 Pyo et al.
5621526 A 4/1997 Kue 2006/0245024 Al  11/2006 Greer
5673028 A 9/1997 Tevy 2007/0002007 Al 1/2007 Tam
5,694,144 A 12/1997 Lefrou et al. 2007/0067048 Al 3/2007 Bechtel et al.
5,764,402 A 6/1998 Thomas et al. 2007/0162233 Al 7/2007 Schwenke
5,822,107 A 10/1998 Iefrou et al. 2007/0285759 Al 12/2007 Ashetal.
5,900,720 A 5/1999 Kallman et al. 2008/0018979 Al 1/2008 Mahe et al.
5,956,012 A 9/1999 Turnbull et al. 2009/0027759 Al 1/2009 Albahri
5,973,818 A 10/1999 Sjursen et al. 2009/0066157 Al 3/2009 Tarng etal.
5073819 A 10/1999 Pletcher et al. 2009/0143141 Al 6/2009 Wells et al.
5,978,126 A 11/1999 Sjursen et al. 2009/0243732 Al 10/2009 Tarng et al.
6,039,850 A 3/2000 Schulz et al. 2009/0243802 Al 10/2009 Wolfet al.
g,ggi,ggg i %888 IS{cnhulz ett all. 2010/0039410 Al 2/2010 Becker et al.
,084, app et al. i
SRR Aol oivtseus Al 30010 Homerga
6,130,772 A 10/2000 Cava 2010/0172009 Al 7/2010 Matthews
6,222,177 Bl 4/2001 Bechtel et al. 2010/0172010 AL y
6.262.831 Bl  7/2001 Bauer et al. 7/2010 Gustavsson et al.
6386713 Bl 5/2002 Tumnbull et al. 2010/0188057 Al 7/2010 Tamg
6407468 BI 62002 LeVesque et al 20100235206 Al 9/2010 Miller et al.
6,449,082 Bl 9/2002 Agrawal etal. 2010/0245972 Al 9/2010 Wright
6471360 B2 10/2002 Rukavina et al. 2010/0315693 Al 12/2010 Lam et al.
6,535,126 B2 3/2003 Lin et al. 2011/0046810 Al 2/2011 Bechtel et al.
6,567,708 Bl 5/2003 Bechtel et al. 2011/0063708 Al 3/2011 Letocart
6,614,577 Bl 9/2003 Yu et al. 2011/0148218 Al 6/2011 Rozbicki
6,795,226 B2 9/2004 Agrawal etal. 2011/0164304 Al  7/2011 Brown et al.
6,829,511 B2  12/2004 Bechtel et al. 2011/0167617 Al 7/2011 Letocart
6,856,444 B2 2/2005 Ingalls etal. 2011/0235152 Al 9/2011 Letocart
6,897,936 Bl 5/2005 Lietal 2011/0249313 Al  10/2011 Letocart
6,940,627 B2 9/2005 Freeman et al. 2011/0255142 Al 10/2011 Ashetal.
3’?53’?3? g% 1%882 CB}fgilrtel etal. 2011/0266419 Al 11/2011 Jones et al.
s B 500 e etal 2011/0292488 Al  12/2011 McCarthy et al.
757515 By 102007 Goeer : 2011/0304898 Al  12/2011 Letocart
7304787 B2 12/2007 Whitesides et al. %83?8822;;2 2} %83 ;I"llllins .e“’l'l ,
7.417.397 B2 8/2008 Berman et al. chiani etal. ............ 359/265
7542300 B2 6/2009 Bechtel ef al. 2012/0133315 Al 5/2012 Berman et al.
7,567,183 B2 7/2009 Schwenke 2012/0194895 Al 8/2012 Podbelski et al.
7,610,910 B2 11/2009 Ahmed 2012/0200908 Al 8/2012 Bergh et al.
7,817,326 Bl  10/2010 Rennig et al. 2012/0236386 Al 9/2012 Mehtani et al.
7,822,490 B2  10/2010 Bechtel et al. 2012/0239209 Al 9/2012 Brown etal.
7,873,490 B2  1/2011 MacDonald 2012/0268803 Al  10/2012 Greer
7,941,245 Bl 5/2011 Popat 2012/0293855 Al  11/2012 Shrivastava et al.
7,972,021 B2 7/2011 Scherer 2013/0057937 Al 3/2013 Berman et al.
7,990,603 B2 8/2011 Ashetal 2013/0158790 Al 6/2013 Mclntyre, Jr. et al.
8,004,739 B2 82011 Letocart 2013/0242370 Al 9/2013 Wang
§’?5§’§‘8‘2 g% ?ggié gilgg_sson etal. 2013/0263510 Al  10/2013 Gassion
,102, ahri 2013/0271812 Al  10/2013 Brown et al.
8,213,074 B1 7/2012 Shrivastava et al. 2013/0271813 Al 102013 B
8254013 B2 82012 Mehtani et al rown
8292228 B2 10/2012 Mitchell et al. 2013/0271814 AL 1072013 Brown
8456720 B2 6/2013 Brown et al 2013/0271815 Al  10/2013 Pradhan et al.
8547624 B2 102013 Ashetal 2014/0067733 Al 3/2014 Humann
8705162 B2  4/2014 Brown etal, 2014/0160550 Al 6/2014 Brown et al.
8723467 B2 52014 Berman et al. 2014/0236323 Al 82014 Brown etal.
8,836,263 B2 9/2014 Berman et al. 2014/0259931 Al 9/2014 Plummer
8,864,321 B2  10/2014 Mehtani et al. 2014/0268287 Al 9/2014 Brown et al.
8,976,440 B2 3/2015 Berland et al. 2014/0300945 Al  10/2014 Parker
9,030,725 B2 5/2015 Pradhan et al. 2014/0330538 Al  11/2014 Conklin et al.
2002/0075472 Al 6/2002 Holton 2014/0371931 Al  12/2014 Linet al.
2002/0152298 Al  10/2002 Kikta et al. 2015/0002919 Al 1/2015 Jack et al.
2003/0210449 Al  11/2003 Ingalls etal. 2015/0049378 Al  2/2015 Shrivastava et al.
2003/0210450 Al  11/2003 Yuetal. 2015/0060648 Al  3/2015 Brown etal.
2003/0227663 Al  12/2003 Agrawal etal. 2015/0070745 Al 3/2015 Pradhan
2003/0227664 Al  12/2003 Agrawal etal. 2015/0116811 Al  4/2015 Shrivastava et al.
2004/0001056 Al  1/2004 Atherton et al. 2015/0122474 Al 5/2015 Petersen



US 9,081,247 B1
Page 3

(56) References Cited
U.S. PATENT DOCUMENTS

FOREIGN PATENT DOCUMENTS

EP 0869032 10/1998
EP 0835475 Bl 9/2004
EP 1510854 Al 3/2005
EP 1417535 11/2005
EP 1619546 A2 1/2006
EP 0920210 6/2009
EP 2161615 3/2010
EP 2357544 8/2011
JP 63-208830 8/1988
JP 02-132420 5/1990
JP 05-178645 7/1993
JP 10-063216 3/1998
JP 2004-245985 9/2004
JP 4799113 B2 10/2011
JP 2013-057975 A 3/2013
KR 20-0412640 3/2006
KR 10-752041 B1 8/2007
KR 10-2008-0022319 3/2008
KR 10-2009-0026181 3/2009
KR 10-0904847 Bl 6/2009
KR 10-0931183 12/2009
KR 10-2010-0034361 4/2010
KR 10-2011-0003698 1/2011
KR 10-2011-0094672 8/2011
WO WO98/16870 4/1998
WO WO002/13052 2/2002
WO W02004/003649 1/2004
WO WO02005/098811 10/2005
WO W02005/103807 11/2005
WO WO02007/016546 A2 2/2007
WO W02007/146862 12/2007
WO WO02008/030018 3/2008
WO WO02008/147322 12/2008
WO WO02009/124647 10/2009
WO W02010/120771 10/2010
WO W02011/020478 2/2011
WO WO02011/087684 7/2011
WO WO2011/087687 7/2011
WO WO02011/124720 10/2011
WO WO02011/127015 10/2011
WO WO02012/080618 6/2012
WO WO02012/080656 6/2012
WO WO2012/080657 6/2012
WO WO02012/145155 10/2012
WO WO02013/059674 4/2013
WO W02013/109881 7/2013
WO WO02013/155467 10/2013
WO WO02014/121863 8/2014
WO W02014/134451 9/2014
OTHER PUBLICATIONS

U.S. Appl. No. 14/489,414, filed Sep. 17, 2014.

U.S. Appl. No. 14/535,080, filed Nov. 6, 2014 + preliminary amend-
ment filed Nov. 7, 2014.

Preliminary Amendment filed Oct. 7, 2014 for U.S. Appl. No.
14/391,122.

U.S. Office Action dated Jan. 18,2013 in U.S. Appl. No. 13/049,756.
U.S. Final Office Action dated Aug. 19, 2013 in U.S. Appl. No.
13/049,756.

U.S. Office Action dated Oct. 6, 2014 in U.S. Appl. No. 13/049,756.
U.S. Office Action dated Oct. 6, 2014 in U.S. Appl. No. 13/968,258.
US Office Action dated Feb. 3, 2012 in U.S. Appl. No. 13/049,750.
US Final Office Action dated Apr. 30, 2012 in U.S. Appl. No.
13/049,750.

US Notice of Allowance dated May 8, 2012 in U.S. Appl. No.
13/049,750.

US Office Action dated Sep. 23, 2013 in U.S. Appl. No. 13/479,137.
US Final Office Action dated Jan. 27, 2014 in U.S. Appl. No.
13/479,137.

US Office Action dated Jul. 3, 2014 in U.S. Appl. No. 13/479,137.

US Final Office Action dated Feb. 26, 2015 in U.S. Appl. No.
13/479,137.

US Office Action dated Jan. 16, 2015 in U.S. Appl. No. 14/468,778.
US Office Action dated Mar. 27, 2012 in U.S. Appl. No. 13/049,623.
US Notice of Allowance dated Jul. 20, 2012 in U.S. Appl. No.
13/049,623.

US Office Action dated Dec. 24, 2013 in U.S. Appl. No. 13/309,990.
Notice of Allowanced dated Jun. 17, 2014 in U.S. Appl. No.
13/309,990.

US Office Action dated Oct. 11, 2013 in U.S. Appl. No. 13/449,235.
US Notice of Allowance dated Jan. 10, 2014 in U.S. Appl. No.
13/449,235.

US Office Action dated Feb. 24,2015 in U.S. Appl. No. 14/163,026.
US Office Action dated Nov. 29,2013 in U.S. Appl. No. 13/449,248.
US Office Action dated Nov. 29,2013 in U.S. Appl. No. 13/449,251.
US Final Office Action dated May 16, 2014 in U.S. Appl. No.
13/449,248.

US Office Action dated Sep. 29, 2014 in U.S. Appl. No. 13/449,248.
US Final Office Action dated May 15, 2014 in U.S. Appl. No.
13/449,251.

US Office Action dated Oct. 28, 2014 in U.S. Appl. No. 13/449,251.
US Office Action dated Sep. 15, 2014 in U.S. Appl. No. 13/682,618.
US Notice of Allowance dated Jan. 22, 2015 in U.S. Appl. No.
13/682,618.

Letter dated Dec. 1, 2014 re Prior Art re U.S. Appl. No. 13/772,969
from Ryan D. Ricks representing MechoShade Systems, Inc.
Third-Party Submission dated Feb. 2, 2015 and Feb. 18, 2015 PTO
Notice re Third-Party Submission for U.S. Appl. No. 13/772,969.
International Search Report and Written Opinion dated Sep. 26,
2012, issued in PCT/US2012/027828.

International Preliminary Report on Patentability dated Sep. 26,
2013, issued in PCT/US2012/027828.

International Search Report and Written Opinion dated Sep. 24,
2012, issued in PCT/US2012/027909.

International Preliminary Report on Patentability dated Sep. 26,
2013, issued in PCT/US2012/027909.

International Search Report and Written Opinion dated Sep. 24,
2012, issued in PCT/US2012/027742.

International Preliminary Report on Patentability dated Sep. 26,
2013, issued in PCT/US2012/027742.

International Search Report and Written Opinion dated Mar. 28, 2013
in PCT/US2012/061137.

International Preliminary Report on Patentability dated May 1, 2014
in PCT/US2012/061137.

International Search Report and Written Opinion dated Jul. 23,2013,
issued in PCT/US2013/036235.

International Preliminary Report on Patentability dated Oct. 30,2014
issued in PCT/US2013/036235.

International Search Report and Written Opinion dated Jul. 26, 2013,
issued in PCT/US2013/036456.

International Preliminary Report on Patentability dated Oct. 23,2014
issued in PCT/US2013/036456.

International Search Report and Written Opinion dated Jul. 11,2013,
issued in PCT/US2013/034998.

International Preliminary Report on Patentability dated Oct. 30,2014
issued in PCT/US2013/034998.

International Search Report and Written Opinion dated Dec. 26,
2013, issued in PCT/US2013/053625.

International Preliminary Report on Patentability dated Feb. 19, 2015
issued in PCT/US2013/053625.

International Search Report and Written Opinion dated May 26,
2014, issued in PCT/US2014/016974.

International Search Report and Written Opinion dated Oct. 16,
2014, issued in PCT/US2014/043514.

European Search Report dated Aug. 11, 2014 in European Applica-
tion No. 12757877.1.

European Search Report dated Jul. 29, 2014 in European Application
No. 12758250.0.

European Search Report dated Jul. 23, 2014 in European Application
No. 12756917.6.



US 9,081,247 B1
Page 4

(56) References Cited
OTHER PUBLICATIONS

Lim, Sunnie H.N. et al., “Modeling of optical and energy perfor-
mance of tungsten-oxide-based electrochromic windows including
their intermediate states,” Solar Energy Materials & Solar Cells, vol.
108, Oct. 16, 2012, pp. 129-135.

“SageGlass helps Solar Decathlon- and AIA award-winning home
achieve net-zero energy efficiency” in MarketWatch.com, http://
www.marketwatch.com/story/sageglass-helps-solar-decathlon-and-
aia-award-winning-home-achieve-net-zero-energy-efficiency-
2012-06-07, Jun. 7, 2012.

“New from Pella: Windows with Smartphone-run blinds”, Pella
Corp., http://www.desmoinesregister.com/article/20120114/BUSI-
NESS/301140031/0/biggam e/?odyssey=nav%7Chead, Jan. 13,
2012.

“How Cleantech wants to make a 2012 comeback” http://
mountainview.patch.com/articles/how-cleantech-wants-to-make-a-
2012-comeback, Jan. 23, 2012.

APC by Schneider Electric, Smart-UPS 120V Product Brochure,
2013, 8 pp.

Hoosier Energy, “How do they do that? Measuring Real-Time Cloud
Activity” Hoosier Energy Current Connections, undated. (http://
members.questline.com/Article.aspx?articleID=18550&ac-
countID=196000&nl=11774).

Kleissl, Jan et al., “Recent Advances in Solar Variability Modeling
and Solar Forecasting at UC San Diego,” Proceedings, American

Solar Energy Society, 2013 Solar Conference, Apr. 16-20, 2013,
Baltimore, MD.

Haby, Jeff, “Cloud Detection (IR v. VIS),” (undated) [http://
theweatherprediction.com/habyhints2/512/].

Graham, Steve, “Clouds & Radiation,” Mar. 1, 1999. [http://
earthobservatory.nasa.gov/Features/Clouds/].

National Aeronautics & Space Administration, “Cloud Radar System
(CRS),” (undated) [http://har.gsfc.nasa.gov/index.php?section=12].
Science and Technology Facilities Council. “Cloud Radar: Predict-
ing The Weather More Accurately” ScienceDaily, Oct. 1, 2008.
[www.sciencedaily.com/releases/2008/09/080924085200 htm].
“Remote Sensing: Clouds,” Department of Atmospheric and Ocean
Science, University of Maryland, (undated) [http://www.atmos.umd.
edu/~pinker/remote_sensing_ clouds.htm].

National Aeronautics & Space Administration, “Cloud Remote Sens-
ing and Modeling,” (undated) [http://atmospheres.gsfc.nasa.gov/cli-
mate/index.php?section=134].

Kipp & Zonen, “Solar Radiation” (undated) [http://www.kippzonen.
com/Knowledge-Center/Theoretical-info/Solar-Radiation].
Duchon, Claude E. et al., “Estimating Cloud Type from Pyranometer
Observations,” Journal of Applied Meteorology, vol. 38, Jan. 1999,
pp. 132-141.

Chinese Office Action dated Mar. 26, 2015 in Chinese Application
No. 2015032301101560.

European Search Report dated Mar. 5, 2015 in European Application
No. 12841714.4.

* cited by examiner



U.S. Patent Jul. 14, 2015 Sheet 1 of 11 US 9,081,247 B1

100 110
\ /
~—"120
105 _—115

FIG. 1A



U.S. Patent Jul. 14, 2015 Sheet 2 of 11 US 9,081,247 B1

125
Vel
130
L M R
FIG. 1B
A

L M R

Position Across Device

FIG. 1C



US 9,081,247 B1

Sheet 3 of 11

Jul. 14, 2015

U.S. Patent

oA
D31 buoje sbejjop ---
01| Buoje abeyjop —
ADIL
AOLl =

¢ 9Old

Buoje souelsig

Oy 06 0c Ol 0 Oy 0¢ 0c OL O Oy 06 Oc O O Oy O0¢ O O} 0

N
~\ .

# | Y
-s r-

¢ kY
\

6lrLL0 Wchmw_ B1GeY'0 :abuey 99€61°0-
» hY

{81660 -XeN €06C9°| Xep 6Cl1°C Xen

abuey 658170°0 :9buey

€CEOFT XBN o

o
\\

F0'L

A
9}
81
F0'¢C
¢
-7'C

> === 100

-~ —

-60
-0')
-Gl
-0¢
-S¢
-0€
-G
-0V

i 0g [

0z _ 0}

(unsouelsiq g4

abeyjon polddy paxi4 yum uoisuswig adiaaqg Bulhiep :sojyoad abeyon

F1m07 - ploysauy L sbejop |

231 ‘0Ll Buoje abeyop

<<

[0}
=n



US 9,081,247 B1

Sheet 4 of 11

Jul. 14, 2015

U.S. Patent

IR
13 Buoje abejjop - - -
0L Buoje sbeyjop, —
AD3L e
AOLl =

€ 'old
Buoje sauelsiqg
o_v o_m o_N o_r 0 .o_v o_m o_w o__ ﬁ_u o_v o_m o_N o__ 0 o_v o_m o_N o_v 0

1 1 1
61v.2°0 -9Buey opSey (0 :obuey 96¢61°0 :9buey 6eot0'0 :8buey

\ .
. " 6CLYT XBI & N TTTTVT XEN o~
V4 » —
’ . ........\.

e e

\\\-‘-l —

0L
L <<
-MOT - ploysaly] sbejop o,
F . =%
A
-9’}
-8}
-0¢
244
-2
00
G0
-0’}
-G)
0T
-G'C
-0'¢
-G¢
-0

D31 ‘0Ll buofe abeyjon

\\

£ [ 0z [ 0l

(usouelsid g4

abejjop poljddy yum uoisuawiq asiaaq builiep :sajljoid abeyjjop



US 9,081,247 B1

Sheet 5 of 11

Jul. 14, 2015

U.S. Patent

(ur) souelsiq 6§

v 'OId
(1) D3 wou souesiq
oy 0¢ 0z ol 0
_ _ _ : 00
\\\A\\\\Q.l\llll’../ll’l: 3
— = ~ S0
e . i
F 4
> ol
N i Seiiinieiv s S tinteniaii £ enduialaiiil Mty | MO - ploysady) abejjon
T |':nn,:n::
..... = - Gl
e — 0z
i -
.\.\ll'l.l.llll'-’ll- [
00
G0
0l

| MOT - Ploysaay | abeyoa

gl

8ZIS "'SA UOIJRIO|0) aDIAa(]

oA



US 9,081,247 B1

Sheet 6 of 11

Jul. 14, 2015

U.S. Patent

S 'OId
Buoje souelsIg
ohﬁomomoroovomomo_roo_\omomo_o

1 Il 1 1 ] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 OO

1 1 1
RIS 11°0 :ebuey G1°0 :ebuey
h.. . Imo

A R R [Rdh - proysauy sbeyop
o)
\..\ ¢./o 02 |

¢ “ [ UBIH - plousaiy abeyon

b
'P
A

-0'€
.--...0-:!-0-..-’-‘-.:..1. Imm
GC'l Xey AL $9°7 X Lo
v J\bll\». B OO
» —son-e" |
\a\ ..m.o
- =01
s -Gl
-0C
-G'C
-0¢
\\l\\-‘.ll.ll\-\v\. -G¢C
031 Buoje aBejjop - - - I & 3 4
0L buoje sbeyon N O

AD3IL - 9DEJOA PaI[ddy |lIMm Jusling obe)es | bulAle) (So[1JjOid obe)|OA
AOLl =

931 ‘0Ll Buoje sbejjop

JOTA e




US 9,081,247 B1

Sheet 7 of 11

Jul. 14, 2015

U.S. Patent

9 'OId

Buole aouessiq
o0/ 06 0 O 0 Oy 06 0 O 0 O 06 0c O 0

1 I [l I 1 1 1 1 Il 1 I 1 F—| I 1 Ll I 1 F—| 1 1 1
GG'| :abuey 1170 :86uey GL'( :ebury - -

........... LT Ty P TP P .|>>o|_ - ploysaiy | Omm”__o>
g . -Gl

* o ~, =N
. o “ 0e
\ K . ey o
. S o« . e L

..................................................................................................................... - ybIH - ploysaiy ) ebejjon
-0
-G'€

¥ Xew ¥’ Xen ¥z Xe -0'F
e a-e= [00

6 -S0
-~ .|o.r
e wm.v
Loz
e ez
.|o.m
wm.m
Loy

D31 ‘0Ll Buole abejop

J Ao
031 Buoje abejoA - == _ 5z | S
0Ll Buofe abejjop (gwonn) 01

\\//wm_n : abejjoA palddy ynum juaing abeyea Buikiep :sajiyold abeloA

JTE



US 9,081,247 B1

Sheet 8 of 11

Jul. 14, 2015

U.S. Patent

/ @inbi4

awn

A

(€02) f

ua.nd abeyes|

cLL
(602)
abejjop peiddy

10]02 01 8bueyd

uonelJojo9

paydeslg



US 9,081,247 B1

Sheet 9 of 11

Jul. 14, 2015

U.S. Patent

g ainbi4

prou p PIOH 0} duwiey oM aAuQ 0} dwey R
- § - m > _A f >

aBeyjop pelddy 18

NNy
S S _
_

608 1ua.INo obeyes|

_
auw \;
UOI}BJ0|0D [N}

-l
-

AN/ T



US 9,081,247 B1

Sheet 10 of 11

Jul. 14, 2015

U.S. Patent

vve

0zz
A\

0% A2

L —-09¢

|_-8G¢C

—95¢
— P52

I

R mmm\ Fm,m\ Nmm\ NNN.\&NN.\ omm.\\

4

—C2GC
_ ~—0G¢Z
4 44 A
9l¢
8r20—
20, orz” |+
90—



US 9,081,247 B1

Sheet 11 of 11

Jul. 14, 2015

U.S. Patent

06¢ N
00._.> .
0L "©OId
891A8( 98¢
nol Aows|y
201~ 267~ 714
89z~ 44
_I ..... L == - - . I 9
S Rt ot s i i I I - 592
S !
| | ENENE
! _ | £92
- Jauonipuon | .
|| . 85¢ 0z
: I f Lavis p ! -\ '
| VA 577 I .
| 96¢ \mom
I 21607 J18]|01jU09 } -\
_ | Hews -01IN | 44 \.@@N
. I mVNr\IW Ma\lm:u mmm\ 4] ] ]
Iy asp — _ -\%N P9
| 872~ Foo
_ _ Mdp J “ !
. AWM . 18]j01u00)
I ; 7N m L | \20z SIOMIBN
: | Sng
| " gl 9z ANVWHOO A I _ NYD fm il
- - - - - - . - Y-_ Y _
_ .
e _ Swa
o5z ATdnS 01~



US 9,081,247 B1

1
DRIVING THIN FILM SWITCHABLE
OPTICAL DEVICES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 13/682,618, filed Nov. 20, 2012, by Pradhan et
al., entitled “Driving Thin Film Switchable Optical Devices”,
which is a continuation-in-part of U.S. patent application Ser.
No. 13/452,032, naming Jack et al. as inventors, and filed Apr.
20, 2012, and which is a continuation-in-part of U.S. patent
application Ser. No. 13/449,248, naming Stephen C. Brown
as inventor, and filed Apr. 17, 2012. U.S. patent application
Ser. No. 13/682,618 claims benefit of U.S. Provisional Patent
Application No. 61/680,221, naming Pradhan et al. as inven-
tors, and filed Aug. 6, 2012. Each of these applications is
incorporated herein by reference in its entirety and for all
purposes.

BACKGROUND

Electrochromic (EC) devices typically comprise a multi-
layer stack including (a) at least one electrochromic material,
that changes its optical properties, such as visible light trans-
mitted through the layer, in response to the application of an
electrical potential, (b) an ion conductor (IC), which allows
ions (e.g. Li*) to move through it, into and out from the
electrochromic material to cause the optical property change,
while insulating against electrical shorting, and (c) transpar-
ent conductor layers (e.g. transparent conducting oxides or
TCOs), over which an electrical potential is applied. In some
cases, the electric potential is applied from opposing edges of
an electrochromic device and across the viewable area of the
device. The transparent conductor layers are designed to have
relatively high electronic conductances. Electrochromic
devices may have more than the above-described layers, e.g.,
ion storage layers that color, or not.

Due to the physics of the device operation, proper function
of'the electrochromic device depends upon many factors such
as ion movement through the material layers, the electrical
potential required to move the ions, the sheet resistance of the
transparent conductor layers, and other factors. As the size of
electrochromic devices increases, conventional techniques
for driving electrochromic transitions fall short. For example,
in conventional driving profiles, the device is driven carefully,
at sufficiently low voltages so as not to damage the device by
driving ions through it too hard, which slows the switching
speed, or the device is operated at higher voltages to increase
switching speed, but at the cost of premature degradation of
the device.

What are needed are improved methods for driving elec-
trochromic devices.

SUMMARY

Aspects of this disclosure concern controllers and control
methods for applying a drive voltage to bus bars of a large
electrochromic device. Such devices are often provided on
windows such as architectural glass. In certain embodiments,
the applied drive voltage has a defined magnitude which is
sufficient to drive a transition over the entire surface of the
electrochromic device but which does not damage or degrade
the device. The region equidistant between the bus bars expe-
riences the lowest effective voltage and the regions proximate
the bus bars experience the highest effective voltage. The
applied drive voltage produces an effective voltage at all
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locations on the face of the electrochromic device that is
within a bracketed range. The upper bound of this range is
safely beneath the voltage at which it is believed that the
device may experience damage or degradation that might
impact its performance in the short term or the long term. At
the lower boundary of this range is an effective voltage at
which the transition between optical states of the electrochro-
mic device occurs relatively rapidly. The level of voltage
applied between the bus bars is significantly greater than the
maximum value of effective voltage within the bracketed
range.

One aspect of the present disclosure concerns controllers
for controlling the optical state of a thin film electrochromic
device. Such controllers may be characterized by (a) circuitry
for applying voltage or providing instructions to apply volt-
age between bus bars on the thin film electrochromic device
and (b) a processing component. The processing component
(b) may be designed or configured to perform the following
operations: (i) determine that the thin film electrochromic
device should transition from a first optical state to a second
optical state; and (ii) hold a first applied voltage between the
bus bars of the thin film electrochromic device in response to
determining that the thin film electrochromic device should
transition from the first optical state to the second optical
state. The magnitude of the first applied voltage is sufficient to
ensure that at all locations on the thin film electrochromic
device experience an effective voltage between a maximum
effective voltage identified as safely avoiding damage to the
thin film electrochromic device and a minimum effective
voltage identified as sufficient to drive the transition from the
first optical state to the second optical state. Additionally, the
first applied voltage is significantly greater than the maxi-
mum effective voltage.

In certain embodiments, this is accomplished by maintain-
ing an effective voltage at all locations on the thin film elec-
trochromic device during the transition from the first optical
state to the second optical state. In such cases, this is accom-
plished by lowering the magnitude of the first applied voltage
between the bus bars from the first voltage during the course
of the transition from the first optical state to the second
optical state.

In a specific embodiment, the controller may have a maxi-
mum effective voltage of about 2.5 volts or lower and a
minimum effective voltage of about 1.2 volts or higher.

Another aspect of the invention concerns electrochromic
device and control systems that are characterized by control-
lers described above, with a thin film electrochromic device
having bus bars electrically coupled to the controller.

In certain embodiments, the electrochromic device and
control system has bus bars that are disposed at opposite sides
of the thin film electrochromic device. In other cases, its bus
bars are separated by a distance of at least about 30 inches. In
yet other cases, its bus bars are separated by a distance of at
least about 40 inches.

In certain embodiments, the thin film electrochromic
device is disposed on architectural glass. In other embodi-
ments, the thin film electrochromic device has a width of at
least about 30 inches.

In one embodiment, the thin film electrochromic device
has two transparent conductive layers, each with a sheet resis-
tance R, and the bus bars are separated by a distance L, and
the thin film electrochromic device has a value of R *J*L? of
greater than about 3V.

Another aspect of the invention pertains to controllers for
controlling the optical state of a thin film electrochromic
device. Such controllers may be characterized by (a) circuitry
for applying voltage or providing instructions to apply volt-
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age between bus bars on the thin film electrochromic device
and (b) a medium storing instructions for controlling the
circuitry. The medium for storing instructions may include (i)
code for determining that the thin film electrochromic device
should transition from a first optical state to a second optical
state; and (ii) code for holding a first applied voltage between
the bus bars of the thin film electrochromic device in response
to determining that the thin film electrochromic device should
transition from the first optical state to the second optical
state. Such a first applied voltage is chosen to ensure that at all
locations on the thin film electrochromic device experience
an effective voltage between a maximum effective voltage
identified as safely avoiding damage to the thin film electro-
chromic device and a minimum effective voltage identified as
sufficient to drive the transition from the first optical state to
the second optical state. Also, such a first applied voltage is
significantly greater than the maximum effective voltage.

In certain embodiments, the medium storing instructions is
characterized by code for maintaining an effective voltage at
all locations on the thin film electrochromic device during the
transition from the first optical state to the second optical
state. In this case, this is accomplished by having code for
lowering the magnitude of the first applied voltage between
the bus bars from the first voltage during the course of the
transition from the first optical state to the second optical
state.

Another feature of the medium storing instructions
includes code for ramping the applied voltage to the bus bars
at a defined ramp rate until reaching the first applied voltage.
Yet another feature includes code for holding the first applied
voltage to the bus bars for a defined period.

In addition, the medium storing instructions may also have
code for ramping the applied voltage to the bus bars from the
first applied voltage to a hold voltage having a smaller mag-
nitude than the first applied voltage. In such an implementa-
tion, the code for ramping the applied voltage to the bus bars
from the first applied voltage to a hold voltage specifies a
defined ramp rate.

In certain implementations, the controllers may have a
maximum effective voltage about 2.5 volts or lower and the
minimum effective voltage is about 1.2 volts or higher. The
controllers may provide a first applied voltage of between
about 2.5 and 5 volts.

These and other features and advantages are described in
more detail below with reference to the associated drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A schematically depicts a planar bus bar arrange-
ment.

FIG. 1B presents a simplified plot of the local voltage value
on each transparent conductive layer as a function of position
on the layer

FIG. 1C presents a simplified plot of V_,as a function of
position across the device

FIG. 2 depicts voltage profiles for various device dimen-
sions (bus bar separation) with a fixed value of 'V ,,,,.

FIG. 3 depicts voltage profiles for various device dimen-
sions with V_, - supplied at different values as necessary to
maintain V,-at suitable levels.

FIG. 4 presents device coloration profiles (Vversus posi-
tion) for various device dimensions using fixed and variable
V .pp- In €ach set of four curves, the upper curve is for the
smallest device (10 inches) and the lowest curve is for the
largest device (40 inches).
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FIG. 5 shows V., and V_as a function of device position
for three different device dimensions when using a fixed
conventional value of V.

FIG. 6 shows V., and V_as a function of device position
for three different device dimensions when using variable
values of V,,, optimized for driving transitions while main-
taining safe V,

FIG. 7 is a graph depicting voltage and current profiles
associated with driving an electrochromic device from
bleached to colored and from colored to bleached.

FIG. 8 is a graph depicting certain voltage and current
profiles associated with driving an electrochromic device
from bleached to colored.

FIG. 9 is a cross-sectional axonometric view of an example
electrochromic window that includes two lites.

FIG. 10 is a schematic representation of a window control-
ler and associated components.

DETAILED DESCRIPTION

Driving a color transition in a typical electrochromic
device is accomplished by applying a defined voltage to two
separated bus bars on the device. In such a device, it is con-
venient to position bus bars perpendicular to the smaller
dimension of a rectangular window (see FIG. 1A). This is
because transparent conducting layers have an associated
sheet resistance and this arrangement allows for the shortest
span over which current must travel to cover the entire area of
the device, thus lowering the time it takes for the conductor
layers to be fully charged across their respective areas, and
thus lowering the time to transition the device.

While an applied voltage, V. is supplied across the bus
bars, essentially all areas of the device see a lower local
effective voltage (V) due to the sheet resistance of the trans-
parent conducting layers and the ohmic drop in potential
across the device. The center of the device (the position mid-
way between the two bus bars) frequently has the lowest value
of V. This frequently results in an unacceptably small opti-
cal switching range and/or an unacceptably slow switching
time in the center of the device. These problems may not exist
at the edges of the device, nearer the bus bars. This is
explained in more detail below with reference to FIGS. 1B
and 1C.

As used herein, V,,, refers the difference in potential
applied to two bus bars of opposite polarity on the electro-
chromic device. As explained below, each bus bar is electroni-
cally connected to a separate transparent conductive layer.
Between the transparent conductive layers are sandwiched
the electrochromic device materials. Each of the transparent
conductive layers experiences a potential drop from a bus bar
to which it is connected and a location remote from the bus
bar. Generally, the greater the distance from the bus bar, the
greater the potential drop in a transparent conducting layer.
The local potential of the transparent conductive layers is
often referred to herein as the V ;. As indicated, bus bars of
opposite polarity are typically laterally separated from one
another across the face of the electrochromic device. The term
V srefers to the potential between the positive and negative
transparent conducting layers at any particular location onthe
electrochromic device (x,y coordinate in Cartesian space). At
the point where V ;s measured, the two transparent conduct-
ing layers are separated in the z-direction (by the EC device
materials), but share the same X,y coordinate.

Aspects of this disclosure concern controllers and control
methods in which a voltage applied to the bus bars is at a level
that drives a transition over the entire surface of the electro-
chromic device but does not damage or degrade the device.
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This applied voltage produces an effective voltage at all loca-
tions on the face of the electrochromic device that is within a
bracketed range. The upper bound of this range is associated
with a voltage safely below the level at which the device may
experience damage or degradation impacting its performance
in the short term or the long term. At the lower boundary of
this range is an effective voltage at which the transition
between optical states of the electrochromic device occurs
relatively rapidly. The level of voltage applied between the
bus bars is significantly greater than the maximum value of
Vs within the bracketed range.

FIG. 1A shows a top-down view of an electrochromic lite,
100, including bus bars having a planar configuration. Elec-
trochromic lite 100 includes a first bus bar, 105, disposed on
a first conductive layer, 110, and a second bus bar, 115,
disposed on a second conductive layer, 120. An electrochro-
mic stack (not shown) is sandwiched between first conductive
layer 110 and second conductive layer 120. As shown, first
bus bar 105 may extend substantially across one side of first
conductive layer 110. Second bus bar 115 may extend sub-
stantially across one side of second conductive layer 120
opposite the side of electrochromic lite 100 on which first bus
bar 105 is disposed. Some devices may have extra bus bars,
e.g. on all four edges, but this complicates fabrication. A
further discussion of bus bar configurations, including planar
configured bus bars, is found in U.S. patent application Ser.
No. 13/452,032 filed Apr. 20, 2012, which is incorporated
herein by reference in its entirety.

FIG. 1B is a graph showing a plot of the local voltage in first
transparent conductive layer 110 and the voltage in second
transparent conductive layer 120 that drives the transition of
electrochromic lite 100 from a bleached state to a colored
state, for example. Plot 125 shows the local values of V., in
first transparent conductive layer 110. As shown, the voltage
drops from the left hand side (e.g., where first bus bar 105 is
disposed on first conductive layer 110 and where the voltage
is applied) to the right hand side of first conductive layer 110
due to the sheet resistance and current passing through first
conductive layer 110. Plot 130 also shows the local voltage
V 77 in second conductive layer 120. As shown, the voltage
increases from the right hand side (e.g., where second bus bar
115is disposed on second conductive layer 120 and where the
voltage is applied) to the left hand side of second conductive
layer 120 due to the sheet resistance of second conductive
layer 120. The value of V,,, , in this example is the difference
in voltage between the right end of potential plot 130 and the
left end of potential plot 125. The value of V_at any location
between the bus bars is the difference in values of curves 130
and 125 the position on the x-axis corresponding to the loca-
tion of interest.

FIG. 1C is a graph showing a plot of V_ across the elec-
trochromic device between first and second conductive layers
110 and 120 of electrochromic lite 100. As explained, the
effective voltage is the local voltage difference between the
first conductive layer 110 and the second conductive layer
120. Regions of an electrochromic device subjected to higher
effective voltages transition between optical states faster than
regions subjected to lower effective voltages. As shown, the
effective voltage is the lowest at the center of electrochromic
lite 100 and highest at the edges of electrochromic lite 100.
The voltage drop across the device is an ohmic drop due to the
current passing through the device (which is a sum of the
electronic current between the layers capable of undergoing
redox reactions in the electrochromic device and ionic current
associated with the redox reaction). The voltage drop across
large electrochromic windows can be alleviated by configur-
ing additional bus bars within the viewing area of the window,
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6

in effect dividing one large optical window into multiple
smaller electrochromic windows which can be driven in
series or parallel. However, this approach is not aesthetically
preferred due to the contrast between the viewable area and
the bus bar(s) in the viewable area. That is, it is much more
pleasing to the eye to have a monolithic electrochromic
device without any distracting bus bars in the viewable area.

As described above, as the window size increases, the
resistance of the TCO layers between the points closest to the
bus bar (referred to as edge of the device in following descrip-
tion) and in the points furthest away from the bus bars (re-
ferred to as the center of the device in following description)
increases. For a fixed current passing through a TCO the
effective voltage drop across the TCO increases and this
reduces the effective voltage at the center of the device. This
effect is exacerbated by the fact that typically as window area
increases, the leakage current density for the window stays
constant but the total leakage current increases due to the
increased area. Thus with both of these effects the effective
voltage at the center of the electrochromic window falls sub-
stantially, and poor performance may be observed for elec-
trochromic windows which are larger than, for example,
about 30 inches across. Some of the poor performance can be
alleviated by using a higher V,,,, such that the center of the
device reaches a suitable effective voltage; however, the prob-
lem with this approach is that typical higher voltages at the
edge ofthe window, needed to reach the suitable voltage at the
center, can degrade the electrochromic device in the edge
area, which can lead to poor performance.

Typically the range of safe operation for solid state elec-
trochromic-device based windows is between about 0.5V and
4V, or more typically between about 1V and about 3V, e.g.
between 1.1V and 1.8V. These are local values of V,» In one
embodiment, an electrochromic device controller or control
algorithm provides a driving profile where V,, is always
below 3V, in another embodiment, the controller controls V-
so that it is always below 2.5V, in another embodiment, the
controller controls V5o that it is always below 1.8V. Those
of'ordinary skill in the art will understand that these ranges are
applicable to both transitions between optical states of the
devices (e.g. transitions from bleached (clear) to tinted and
from tinted to bleached in an absorptive device) and that the
value of V_,for a particular transition may be different. The
recited voltage values refer to the time averaged voltage
(where the averaging time is of the order of time required for
small optical response, e.g. few seconds to few minutes).
Those of ordinary skill in the art will also understand that this
description is applicable to various types of drive mechanism
including fixed voltage (fixed DC), fixed polarity (time vary-
ing DC) or a reversing polarity (AC, MF, RF power etc. with
a DC bias).

An added complexity of electrochromic windows is that
the current drawn through the window is not fixed over time.
Instead, during the initial transition from one state to the
other, the current through the device is substantially larger (up
to 30x larger) than in the end state when the optical transition
is complete. The problem of poor coloration in center of the
device is further exacerbated during this initial transition
period, as the V_at the center is even lower than what it will
be at the end of the transition period.

Electrochromic device controllers and control algorithms
described herein overcome the above-described issues. As
mentioned, the applied voltage produces an effective voltage
at all locations on the face of the electrochromic device that is
within a bracketed range, and the level of voltage applied
between the bus bars is significantly greater than the maxi-
mum value of V_,within the bracketed range.
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In the case of an electrochromic device with a planar bus
bar, it can be shown that the V_,across a device with planar
bus bars is generally given by:

AV(0) = Voo — RIL? /2 Equation 1

AV() =V, —RILZ[2

AV(L/2) = Vg, —3RIL? /4

where:
V .pp 18 the voltage difference applied to the bus bars to drive
the electrochromic window;

AV(0) is Vat the bus bar connected to the first transparent
conducting layer (in the example below, TEC type TCO);
AV(L) is V g at the bus bar connected to the second transpar-
ent conducting layer (in the example below, ITO type TCO);
AV(L/2) is V at the center of the device, midway between
the two planar bus bars;

R=transparent conducting layer sheet resistance;
J=instantaneous local current density; and

L=distance between the bus bars of the electrochromic
device.

The transparent conducting layers are assumed to have
substantially similar, if not the same, sheet resistance for the
calculation. However those of ordinary skill in the art will
appreciate that the applicable physics of the ohmic voltage
drop and local effective voltage still apply even if the trans-
parent conducting layers have dissimilar sheet resistances.

As noted, certain embodiments pertain to controllers and
control algorithms for driving optical transitions in devices
having planar bus bars. In such devices, substantially linear
bus bars of opposite polarity are disposed at opposite sides of
a rectangular or other polygonally shaped electrochromic
device. In some embodiments, devices with non-planar bus
bars may be employed. Such devices may employ, for
example, angled bus bars disposed at vertices of the device. In
such devices, the bus bar effective separation distance, L, is
determined based on the geometry of the device and bus bars.
A discussion of bus bar geometries and separation distances
may be found in U.S. patent application Ser. No. 13/452,032,
entitled “Angled Bus Bar”, and filed Apr. 20, 2012, which is
incorporated herein by reference in its entirety.

As R, I or L increase, V,, across the device decreases,
thereby slowing or reducing the device coloration during
transition and even in the final optical state. As shown in FI1G.
2, as the bus bar distance increases from 10 inches to 40
inches the voltage drop across the TEC and ITO layers
(curves in upper plot) increases and this causes the V- (lower
curves) to fall across the device.

Thus, using conventional driving algorithms, 10 inch and
20 inch electrochromic windows can be made to switch effec-
tively, while 30 inch windows would have marginal perfor-
mance in the center and 40 inch windows would not show
good performance across the window. This limits scaling of
electrochromic technology to larger size windows.

Again referring to Bquation 1, the V_sacross the window is
at least RIL?/2 lower than V pp- It has been found that as the
resistive voltage drop increases (due to increase in the win-
dow size, current draw etc.) some of the loss can be negated
by increasing V,,,,, but doing so only to a value that keeps V-
at the edges of the device below the threshold where reliabil-
ity degradation would occur. In other words, it has been
recognized that both transparent conducting layers experi-
ence ohmic drop, and that drop increases with distance from
the associated bus bar, and therefore V., decreases with
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distance from the bus bar for both transparent conductive
layers and as a consequence V- decreases across the whole
electrochromic window.

While the applied voltage is increased to a level well above
the upper bound of a safe V_; V- in fact never actually
approaches this high value of the applied voltage. At locations
near the bus bars, the voltage of the attached transparent
conductive layers contacting the bus bars is quite high, but at
the same location, the voltage of the opposite polarity trans-
parent conductive layers falls reasonably close to the applied
potential by the ohmic drop across the faces of the conductive
layers. The driving algorithms described herein take this into
account. In other words, the voltage applied to the bus bars
can be higher than conventionally thought possible. A high
V .pp Provided at bus bars might be assumed to present too
highofaV,gnear the bus bars. However, by employingaV,
that accounts for the size of the window and the ohmic drop in
the transparent conducting layers, a safe but appropriately
high'V_,results over the entire surface of the electrochromic
device. The appropriate V,,, , applied to the bus bars is greater
in larger devices than in smaller devices. This is illustrated in
more detail in FIG. 3 and the associated description.

Referring to FIG. 3, the electrochromic device is driven
using control mechanisms that apply V,,,,, so thatV_,remains
solidly above the threshold voltage of 1.2V (compare to FIG.
2). The increasein 'V, required can be seen in the maximum
value of V ;. increasing from about 2.5V to about 4V. How-
ever this does not lead to increase in the V, znear the bus bars,
where it stays at about 2.4V for all devices.

FIG. 4 is a plot comparing a conventional approachinV |
is fixed for devices of different sizes a new approach in which
V . varies for devices of different sizes. By adjusting V,,,,,
for device size, the drive algorithms allow the performance
(switching speed) of large electrochromic windows to be
improved substantially without increasing risk of device deg-
radation, because V-is maintained above the threshold volt-
age in all cases but within a safe range. Drive algorithms
tailored for a given window’s metrics, e.g. window size,
transparent conductive layer type, Rs, instantaneous current
density through the device, etc., allow substantially larger
electrochromic windows to function with suitable switching
speed not otherwise possible without device degradation.

V sand 'V, Parameters

Controlling the upper and lower bounds of the range of V-
over the entire surface of the electrochromic device will now
be further described. As mentioned, when Vs too high it
damages or degrades the electrochromic device at the loca-
tion(s) where it is high. The damage or degradation may be
manifest as an irreversible electrochromic reaction which can
reduce the optical switching range, degradation of aesthetics
(appearance of pinholes, localized change in film appear-
ance), increase in leakage current, film delamination etc. For
many devices, the maximum value of V_is about 4 volts or
about 3 volts or about 2.5 volts or about 1.8 volts. In some
embodiments, the upper bound of V,is chosen to include a
buffer range such that the maximum value of V_is below the
actual value expected to produce degradation. The difference
between this actual value and the maximum value of Vis the
size of the buffer. In certain embodiments, the buffer value is
between about 0.2 and 0.6 volts.

The lower boundary of the range of effective voltages
should be chosen to provide an acceptable and effective tran-
sition between optical states of the electrochromic device.
This transition may be characterized in terms of the speed at
which the transition occurs after the voltage is applied, as well
as other effects associated with the transition such as curtain-
ing (non-uniform tinting across the face of the electrochromic
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device). As an example, the minimum value of V,_, may be
chosen to effect a complete optical transition (e.g., fully
bleached to fully tinted) over the face ofthe device of about 45
minutes or less, or about 10 minutes or less. For many
devices, the maximum value of V_is about 0.5 volts or about
0.7 volts or about 1 volt or about 1.2 volts.

For devices having 3 or more states, the target range of V-
typically will not impact attaining and maintaining interme-
diate states in a multi-state electrochromic device. Interme-
diate states are driven at voltages between the end states, and
hence Vs always maintained within a safe range.

As mentioned, for large electrochromic devices the value
of'V,,,, may be greater than the maximum acceptable value of
V. Thus, in some embodiments, V,_,, is greater (by any
amount) than the maximum value of V. However, in some
implementations, the difference between V and the maxi-
mum value of V_, has at least a defined magnitude. For
example, the difference may be about 0.5 volts or about 1 volt,
or about 1.5 volts, or about 2 volts. It should be understood
that the difference between the value of V,,,, and the maxi-
mum value of V_, is determined in part by the separation
distance between the bus bars in the device and possibly other
parameters such as the sheet resistance of the device’s trans-
parent conductive layers and leakage current. As an example,
if the leakage current of the device is quite low, then the
difference between V,-and V,,,, may be smaller than it oth-
erwise might be.

As noted, the disclosed control algorithms are particularly
useful in devices having large dimensions: e.g., large electro-
chromic windows. Technically, the size is determined by the
effective separation distance between bus bars, L. In some
embodiments, the devices have a value of L of at least about
30 inches, or at least about 40 inches, or at least about 50
inches or at least about 60 inches. The separation distance is
not the only parameter that impacts the need for using an
appropriately large value of V,,,, to drive a transition. Other
parameters include the sheet resistances of the transparent
conductive layers and the current density in the device during
optical switching. In some embodiments, a combination of
these and/or other parameters is employed to determine when
to apply the large value of V,, . The parameters interoperate
and collectively indicate whether or not there is a sufficiently
large ohmic voltage drop across the face of a transparent
conductive layer to require a large applied voltage.

In certain embodiments, a combination of parameters (e.g.,
a dimensionless number) may be used to determine appropri-
ate operating ranges. For example, a voltage loss parameter
(V,0ss) can be used to define conditions under which a typical
control algorithm would not work and the disclosed approach
would be well suited to handle. In certain embodiments, the
Vs« Parameter is defined as RIL? (where L is the separation
distance between bus bar, and R is the sheet resistance of a
transparent conductive layer). In some implementations, the
approaches described herein are most useful when V, __ is
greater than about 3V or more specifically greater than about
2V or more specifically greater than about 1V.

V .pp Profile During Transition.

The current responsible for the ohmic voltage drop across
the face of the transparent conductive layers has two compo-
nents. It includes ionic current used to drive the optical tran-
sition and parasitic electronic current through the electrolyte
or ion conducting layer. The parasitic electronic current
should be relatively constant for a given value of the applied
voltage. It may also be referred to as leakage current. The
ionic current is due to the lithium ions moving between the
electrochromic layer and a counter electrode layerto drive the
optical transition. For a given applied voltage, the ionic cur-
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rent will undergo change during the transition. Prior to appli-
cation of any V,, , the ionic current is small or non-existent.
Upon application of V,,,,,, the ionic current may grow and
may even continue to after the applied voltage is held con-
stant. Eventually, however, the ionic current will peak and
drop oft as all of the available ions move between the elec-
trodes during the optical transition. After the optical transition
is complete, only leakage current (electronic current through
the electrolyte) continues. The value of this leakage current is
a function of the effective voltage, which is a function of the
applied voltage. As described in more detail below, by modi-
fying the applied voltage after the optical transition is com-
plete, the control technique reduces the amount of leakage
current and the value of V.

In some embodiments, the control techniques for driving
optical transitions are designed with a varying vV, ,, thatkeeps
the maximum V_below a particular level (e.g., 2.5V) during
the entire course of the optical transition. In certain embodi-
ments, V,,,, is varied over time during transition from one
state to another of the electrochromic device. The variation in
V .pp 18 determined, at least in part, as a function of V_; In
certain embodiments, V,,,, is adjusted over the time of tran-
sition in a manner that maintains an acceptable V_;so as not
to degrade device function.

Without adjusting V,,,, during the optical transition, V-
could grow too large as the ionic current decays over the
course of the transition. To maintain V at a safe level, V
may be decreased when the device current is largely leakage
current. In certain embodiments, adjustment of V_,, is
accomplished by a “ramp to hold” portion of a drive voltage
profile as described below.

In certain embodiments, V,,, is chosen and adjusted based
on the instantaneous current draw (J) during an optical tran-
sition. Initially, during such transition, V,,, is higher to
account for the larger voltage draw. FIG. 5 shows impact of
current draw on V- for a fixed window size (40 inches) using
conventional drive algorithms. In this example, the drive pro-
file accounts for amedium current draw scenario (25 nA/cm?)
which leads to very low V_ during initial switching when the
current draw is high (42 pA/cm?) which leads to substantially
longer switching times. In addition, after the transition is
complete and the window reaches the low current draw con-
figuration (5 pA/cm?), Vis much higher (3.64V) than dur-
ing transition. Since this is above the voltage threshold of safe
operation this would be a long term reliability risk.

FIG. 6 illustrates certain voltage control techniques that
take into account the instantaneous current draw. In the
depicted embodiment, the low current draw and high current
draw conditions are now robustly within the required voltage
window. Even for the high current draw condition, a large
fraction of the device is now above the voltage threshold
improving the switching speed of this device. Drive profiles
can be simplified by choosing a voltage ramp rate that allows
the instantaneous voltage to be close to the desired set point
rather than requiring a feedback loop on the voltage.

FIG. 7 shows a complete current profile and voltage profile
for an electrochromic device employing a simple voltage
control algorithm to cause an optical state transition cycle
(coloration followed by bleaching) of an electrochromic
device. In the graph, total current density (I) is represented as
a function of time. As mentioned, the total current density is
a combination of the ionic current density associated with an
electrochromic transition and electronic leakage current
between the electrochemically active electrodes. Many dif-
ferent types electrochromic device will have the depicted
current profile. In one example, a cathodic electrochromic
material such as tungsten oxide is used in conjunction with an
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anodic electrochromic material such as nickel tungsten oxide
in counter electrode. In such devices, negative currents indi-
cate coloration of the device. In one example, lithium ions
flow from a nickel tungsten oxide anodically coloring elec-
trochromic electrode into a tungsten oxide cathodically col-
oring electrochromic electrode. Correspondingly, electrons
flow into the tungsten oxide electrode to compensate for the
positively charged incoming lithium ions. Therefore, the volt-
age and current are shown to have a negative value.

The depicted profile results from ramping up the voltage to
a set level and then holding the voltage to maintain the optical
state. The current peaks 701 are associated with changes in
optical state, i.e., coloration and bleaching. Specifically, the
current peaks represent delivery of the ionic charge needed to
color or bleach the device. Mathematically, the shaded area
under the peak represents the total charge required to color or
bleach the device. The portions of the curve after the initial
current spikes (portions 703) represent electronic leakage
current while the device is in the new optical state.

In the figure, a voltage profile 705 is superimposed on the
current curve. The voltage profile follows the sequence: nega-
tive ramp (707), negative hold (709), positive ramp (711), and
positive hold (713). Note that the voltage remains constant
after reaching its maximum magnitude and during the length
of time that the device remains in its defined optical state.
Voltage ramp 707 drives the device to its new the colored state
and voltage hold 709 maintains the device in the colored state
until voltage ramp 711 in the opposite direction drives the
transition from colored to bleached states. In some switching
algorithms, a current cap is imposed. That is, the current is not
permitted to exceed a defined level in order to prevent dam-
aging the device. The coloration speed is a function of not
only the applied voltage, but also the temperature and the
voltage ramping rate.

FIG. 8 describes a voltage control profile in accordance
with certain embodiments. In the depicted embodiment, a
voltage control profile is employed to drive the transition
from a bleached state to a colored state (or to an intermediate
state). To drive an electrochromic device in the reverse direc-
tion, from a colored state to a bleached state (or from a more
colored to less colored state), a similar but inverted profile is
used. In some embodiments, the voltage control profile for
going from colored to bleached is a mirror image of the one
depicted in FIG. 8.

The voltage values depicted in FIG. 8 represent the applied
voltage (V) values. The applied voltage profile is shown by
the dashed line. For contrast, the current density in the device
is shown by the solid line. In the depicted profile, V,,,
includes four components: a ramp to drive component 803,
which initiates the transition, a V ,,,, component 813, which
continues to drive the transition, a ramp to hold component
815, and a V,,,, component 817. The ramp components are
implemented as variations in V_,, and the V,, . and V, .
components provide constant or substantially constant V.
magnitudes.

The ramp to drive component is characterized by a ramp
rate (increasing magnitude) and a magnitude of V ,,,,.. When
the magnitude of the applied voltage reaches V ,,,,.., the ramp
to drive component is completed. The V ;.. component is
characterized by the value of'V . as well as the duration of
V sive- Themagnitude of V ;. may be chosen to maintainV,
with a safe but effective range over the entire face of the
electrochromic device as described above.

The ramp to hold component is characterized by a voltage
ramp (decreasing magnitude) and the value of V,_,, (or
optionally the difference between V.., and V,,,). V,,,
drops according to the ramp rate until the value of V,,_,, is
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reached. The V,,_,, component is characterized by the mag-
nitude of'V,,_,, and the duration of V, _, ;. Actually, the dura-
tion of V,,,, is typically governed by the length of time that
the device is held in the colored state (or conversely in the
bleached state). Unlike the ramp to drive, V ..., and ramp to
hold components, the V, ,, component has an arbitrary
length, which is independent of the physics of the optical
transition of the device.

Each type of electrochromic device will have its own char-
acteristic components of the voltage profile for driving the
optical transition. For example, a relatively large device and/
or one with a more resistive conductive layer will require a
higher value of'V ,,,.. and possibly a higher ramp rate in the
ramp to drive component. Larger devices may also require
higher values of V,,;,;. U.S. patent application Ser. No.
13/449,251, filed Apr. 17, 2012, and incorporated herein by
reference discloses controllers and associated algorithms for
driving optical transitions over a wide range of conditions. As
explained therein, each of the components of an applied volt-
age profile (ramp to drive, V.., ramp to hold, and V,,_,,,
herein) may be independently controlled to address real-time
conditions such as current temperature, current level of trans-
missivity, etc. In some embodiments, the values of each com-
ponent of the applied voltage profile is set for a particular
electrochromic device (having its own bus bar separation,
resistivity, etc.) and does vary based on current conditions. In
other words, in such embodiments, the voltage profile does
not take into account feedback such as temperature, current
density, and the like.

As indicated, all voltage values shown in the voltage tran-
sition profile of FIG. 8 correspond to the V,,, values
described above. They do not correspond to the V- values
described above. In other words, the voltage values depicted
in FIG. 8 are representative of the voltage difference between
the bus bars of opposite polarity on the electrochromic device.

In certain embodiments, the ramp to drive component of
the voltage profile is chosen to safely but rapidly induce ionic
current to flow between the electrochromic and counter elec-
trodes. As shown in FIG. 8, the current in the device follows
the profile of the ramp to drive voltage component until the
ramp to drive portion of the profile ends and the V ;. portion
begins. See current component 801 in FIG. 8. Safe levels of
current and voltage can be determined empirically or based
on other feedback. U.S. Pat. No. 8,254,013, filed Mar. 16,
2011, issued Aug. 28, 2012 and incorporated herein by refer-
ence, presents examples of algorithms for maintaining safe
current levels during electrochromic device transitions.

In certain embodiments, the value o'V ,;,. is chosen based
on the considerations described above. Particularly, it is cho-
sen so that the value of V,_; over the entire surface of the
electrochromic device remains within a range that effectively
and safely transitions large electrochromic devices. The dura-
tion of V,,,,,. can be chosen based on various considerations.
One of these ensures that the drive potential is held for a
period sufficient to cause the substantial coloration of the
device. For this purpose, the duration of V ,,, , may be deter-
mined empirically, by monitoring the optical density of the
device as a function ofthe length of time that V ;. remains in
place. In some embodiments, the duration of'V . issetto a
specified time period. In another embodiment, the duration of
V e 1 set to correspond to a desired amount of ionic charge
being passed. As shown, the current ramps down during
V sive- See current segment 807.

Another consideration is the reduction in current density in
the device as the ionic current decays as a consequence of the
available lithium ions completing their journey from the
anodic coloring electrode to the cathodic coloring electrode
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(or counter electrode) during the optical transition. When the
transition is complete, the only current flowing across device
is leakage current through the ion conducting layer. As a
consequence, the ohmic drop in potential across the face of
the device decreases and the local values of V_; increase.
These increased values of V_, can damage or degrade the
device if the applied voltage 1s not reduced. Thus, another
consideration in determining the duration of V ,,,,.. is the goal
of reducing the level of V_,associated with leakage current.
By dropping the applied voltage from'V ,,,, . to V,, ;. not only
is V_reduced on the face of the device but leakage current
decreases as well. As shown in FIG. 8, the device current
transitions in a segment 805 during the ramp to hold compo-
nent. The current settles to a stable leakage current 809 during
Viota:

Electrochromic Devices and Controllers

FIG. 9 shows a cross-sectional axonometric view of an
embodiment of an IGU 102 that includes two window panes
or lites 216. In various embodiments, IGU 102 can include
one, two, or more substantially transparent (e.g., at no applied
voltage) lites 216 as well as a frame, 218, that supports the
lites 216. For example, the IGU 102 shown in FIG. 9 is
configured as a double-pane window. One or more of the lites
216 can itself be a laminate structure of two, three, or more
layers or lites (e.g., shatter-resistant glass similar to automo-
tive windshield glass). In IGU 102, at least one of the lites 216
includes an electrochromic device or stack, 220, disposed on
at least one of its inner surface, 222, or outer surface, 224: for
example, the inner surface 222 of the outer lite 216.

In multi-pane configurations, each adjacent set of lites 216
can have an interior volume, 226, disposed between them.
Generally, each of the lites 216 and the IGU 102 as a whole
are rectangular and form a rectangular solid. However, in
other embodiments other shapes (e.g., circular, elliptical, tri-
angular, curvilinear, convex, concave) may be desired. In
some embodiments, the volume 226 between the lites 116 is
evacuated of air. In some embodiments, the IGU 102 is her-
metically-sealed. Additionally, the volume 226 can be filled
(to an appropriate pressure) with one or more gases, such as
argon (Ar), krypton (Kr), or xenon (Xn), for example. Filling
the volume 226 with a gas such as Ar, Kr, or Xn can reduce
conductive heat transfer through the IGU 102 because of the
low thermal conductivity of these gases. The latter two gases
also can impart improved acoustic insulation due to their
increased weight.

In some embodiments, frame 218 is constructed of one or
more pieces. For example, frame 218 can be constructed of
one or more materials such as vinyl, PVC, aluminum (Al),
steel, or fiberglass. The frame 218 may also include or hold
one or more foam or other material pieces that work in con-
junction with frame 218 to separate the lites 216 and to
hermetically seal the volume 226 between the lites 216. For
example, in a typical IGU implementation, a spacer lies
between adjacent lites 216 and forms a hermetic seal with the
panes in conjunction with an adhesive sealant that can be
deposited between them. This is termed the primary seal,
around which can be fabricated a secondary seal, typically of
an additional adhesive sealant. In some such embodiments,
frame 218 can be a separate structure that supports the IGU
construct.

Each lite 216 includes a substantially transparent or trans-
lucent substrate, 228. Generally, substrate 228 has a first (e.g.,
inner) surface 222 and a second (e.g., outer) surface 224
opposite the first surface 222. In some embodiments, sub-
strate 228 can be a glass substrate. For example, substrate 228
can be a conventional silicon oxide (SO,)-based glass sub-
strate such as soda-lime glass or float glass, composed of, for
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example, approximately 75% silica (Si0O,) plus Na,O, CaO,
and several minor additives. However, any material having
suitable optical, electrical, thermal, and mechanical proper-
ties may be used as substrate 228. Such substrates also can
include, for example, other glass materials, plastics and ther-
moplastics (e.g., poly(methyl methacrylate), polystyrene,
polycarbonate, allyl diglycol carbonate, SAN (styrene acry-
lonitrile copolymer), poly(4-methyl-1-pentene), polyester,
polyamide), or mirror materials. If the substrate is formed
from, for example, glass, then substrate 228 can be strength-
ened, e.g., by tempering, heating, or chemically strengthen-
ing. In other implementations, the substrate 228 is not further
strengthened, e.g., the substrate is untempered.

In some embodiments, substrate 228 is a glass pane sized
for residential or commercial window applications. The size
of'sucha glass pane can vary widely depending on the specific
needs of the residence or commercial enterprise. In some
embodiments, substrate 228 can be formed of architectural
glass. Architectural glass is typically used in commercial
buildings, but also can be used in residential buildings, and
typically, though not necessarily, separates an indoor envi-
ronment from an outdoor environment. In certain embodi-
ments, a suitable architectural glass substrate can be at least
approximately 20 inches by approximately 20 inches, and can
be much larger, for example, approximately 80 inches by
approximately 120 inches, or larger. Architectural glass is
typically at least about 2 millimeters (mm) thick and may be
as thick as 6 mm or more. Of course, electrochromic devices
220 can be scalable to substrates 228 smaller or larger than
architectural glass, including in any or all of the respective
length, width, or thickness dimensions. In some embodi-
ments, substrate 228 has a thickness in the range of approxi-
mately 1 mm to approximately 10 mm. In some embodi-
ments, substrate 228 may be very thin and flexible, such as
Gorilla Glass® or Willow™ Glass, each commercially avail-
able from Corning, Inc. of Corning, N.Y., these glasses may
be less than 1 mm thick, as thin as 0.3 mm thick.

Electrochromic device 220 is disposed over, for example,
the inner surface 222 of substrate 228 of the outer pane 216
(the pane adjacent the outside environment). In some other
embodiments, such as in cooler climates or applications in
which the IGUs 102 receive greater amounts of direct sun-
light (e.g., perpendicular to the surface of electrochromic
device 220), it may be advantageous for electrochromic
device 220 to be disposed over, for example, the inner surface
(the surface bordering the volume 226) of the inner pane
adjacent the interior environment. In some embodiments,
electrochromic device 220 includes a first conductive layer
(CL) 230 (often transparent), an electrochromic layer (EC)
232, an ion conducting layer (IC) 234, a counter electrode
layer (CE) 236, and a second conductive layer (CL) 238
(often transparent). Again, layers 230, 232, 234, 236, and 238
are also collectively referred to as electrochromic stack 220.

A power source 240 operable to apply an electric potential
(Vpp) to the device and produce V- across a thickness of
electrochromic stack 220 and drive the transition of the elec-
trochromic device 220 from, for example, a bleached or
lighter state (e.g., a transparent, semitransparent, or translu-
cent state) to a colored or darker state (e.g., a tinted, less
transparent or less translucent state). In some other embodi-
ments, the order of layers 230, 232, 234, 236, and 238 can be
reversed or otherwise reordered or rearranged with respect to
substrate 238.

In some embodiments, one or both of first conductive layer
230 and second conductive layer 238 is formed from an
inorganic and solid material. For example, first conductive
layer 230, as well as second conductive layer 238, can be
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made from a number of different materials, including con-
ductive oxides, thin metallic coatings, conductive metal
nitrides, and composite conductors, among other suitable
materials. In some embodiments, conductive layers 230 and
238 are substantially transparent at least in the range of wave-
lengths where electrochromism is exhibited by the electro-
chromic layer 232. Transparent conductive oxides include
metal oxides and metal oxides doped with one or more met-
als. For example, metal oxides and doped metal oxides suit-
able for use as first or second conductive layers 230 and 238
can include indium oxide, indium tin oxide (ITO), doped
indium oxide, tin oxide, doped tin oxide, zinc oxide, alumi-
num zinc oxide, doped zinc oxide, ruthenium oxide, doped
ruthenium oxide, among others. As indicated above, first and
second conductive layers 230 and 238 are sometimes referred
to as “transparent conductive oxide” (TCO) layers.

In some embodiments, commercially available substrates,
such as glass substrates, already contain a transparent con-
ductive layer coating when purchased. In some embodiments,
such a product can be used for both substrate 238 and con-
ductive layer 230 collectively. Examples of such glass sub-
strates include conductive layer-coated glasses sold under the
trademark TEC Glass™ by Pilkington, of Toledo, Ohio and
SUNGATE™ 300 and SUNGATE™ 500 by PPG Industries
of Pittsburgh, Pa. Specifically, TEC Glass™ is, for example,
a glass coated with a fluorinated tin oxide conductive layer.

In some embodiments, first or second conductive layers
230 and 238 can each be deposited by physical vapor depo-
sition processes including, for example, sputtering. In some
embodiments, first and second conductive layers 230 and 238
can each have a thickness in the range of approximately 0.01
um to approximately 1 pm. In some embodiments, it may be
generally desirable for the thicknesses of the first and second
conductive layers 230 and 238 as well as the thicknesses of
any or all of the other layers described below to be individu-
ally uniform with respect to the given layer; that is, that the
thickness of a given layer is uniform and the surfaces of the
layer are smooth and substantially free of defects or other ion
traps.

A primary function of the first and second conductive lay-
ers 230 and 238 is to spread an electric potential provided by
a power source 240, such as a voltage or current source, over
surfaces of the electrochromic stack 220 from outer surface
regions of the stack to inner surface regions of the stack. As
mentioned, the voltage applied to the electrochromic device
experiences some Ohmic potential drop from the outer
regions to the inner regions as a result of a sheet resistance of
the first and second conductive layers 230 and 238. In the
depicted embodiment, bus bars 242 and 244 are provided
with bus bar 242 in contact with conductive layer 230 and bus
bar 244 in contact with conductive layer 238 to provide elec-
tric connection between the voltage or current source 240 and
the conductive layers 230 and 238. For example, bus bar 242
can be electrically coupled with a first (e.g., positive) terminal
246 of power source 240 while bus bar 244 can be electrically
coupled with a second (e.g., negative) terminal 248 of power
source 240.

In some embodiments, IGU 102 includes a plug-in com-
ponent 250. In some embodiments, plug-in component 250
includes a first electrical input 252 (e.g., a pin, socket, or other
electrical connector or conductor) that is electrically coupled
with power source terminal 246 via, for example, one or more
wires or other electrical connections, components, or devices.
Similarly, plug-in component 250 can include a second elec-
trical input 254 that is electrically coupled with power source
terminal 248 via, for example, one or more wires or other
electrical connections, components, or devices. In some
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embodiments, first electrical input 252 can be electrically
coupled with bus bar 242, and from there with first conductive
layer 230, while second electrical input 254 can be coupled
with bus bar 244, and from there with second conductive layer
238. The conductive layers 230 and 238 also can be connected
to power source 240 with other conventional means as well as
according to other means described below with respect to a
window controller. For example, as described below with
reference to FIG. 10, first electrical input 252 can be con-
nected to a first power line while second electrical input 254
can be connected to a second power line. Additionally, in
some embodiments, third electrical input 256 can be coupled
to a device, system, or building ground. Furthermore, in some
embodiments, fourth and fifth electrical inputs/outputs 258
and 260, respectively, can be used for communication
between, for example, a window controller or microcontroller
and a network controller.

In some embodiments, electrochromic layer 232 is depos-
ited or otherwise formed over first conductive layer 230. In
some embodiments, electrochromic layer 232 is formed of an
inorganic and solid material. In various embodiments, elec-
trochromic layer 232 can include or be formed of one or more
of' a number of electrochromic materials, including electro-
chemically cathodic or electrochemically anodic materials.
For example, metal oxides suitable for use as electrochromic
layer 232 can include tungsten oxide (WO;), molybdenum
oxide (MoO;), niobium oxide (Nb,Os), titanium oxide
(Ti0,), copper oxide (CuO), iridium oxide (Ir,O;), chro-
mium oxide (Cr,O;), manganese oxide (Mn,O,), vanadium
oxide (V,0;), nickel oxide (Ni,O,), and cobalt oxide
(Co,0;), among other materials. In some embodiments, elec-
trochromic layer 232 can have a thickness in the range of
approximately 0.05 um to approximately 1 pm.

During operation, in response to a voltage generated across
the thickness of electrochromic layer 232 by first and second
conductive layers 230 and 238, electrochromic layer 232
transfers or exchanges ions to or from counter electrode layer
236 resulting in the desired optical transitions in electrochro-
mic layer 232, and in some embodiments, also resulting in an
optical transition in counter electrode layer 236. In some
embodiments, the choice of appropriate electrochromic and
counter electrode materials governs the relevant optical tran-
sitions.

In some embodiments, counter electrode layer 236 is
formed of an inorganic and solid material. Counter electrode
layer 236 can generally include one or more of a number of
materials or material layers that can serve as a reservoir of
ions when the electrochromic device 220 is in, for example,
the transparent state. In some embodiments, counter elec-
trode layer 236 is a second electrochromic layer of opposite
polarity as electrochromic layer 232. For example, when elec-
trochromic layer 232 is formed from an electrochemically
cathodic material, counter electrode layer 236 can be formed
of an electrochemically anodic material. Examples of suit-
able materials for the counter electrode layer 236 include
nickel oxide (NiO), nickel tungsten oxide (NiWO), nickel
vanadium oxide, nickel chromium oxide, nickel aluminum
oxide, nickel manganese oxide, nickel magnesium oxide,
chromium oxide (Cr,0;), manganese oxide (MnQO,), and
Prussian blue. In some embodiments, counter electrode layer
236 can have a thickness in the range of approximately 0.05
pum to approximately 1 pm.

During an electrochromic transition initiated by, for
example, application of an appropriate electric potential
across a thickness of electrochromic stack 220, counter elec-
trode layer 236 transfers all or a portion of the ions it holds to
electrochromic layer 232, causing the optical transition in the
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electrochromic layer 232. In some embodiments, as for
example in the case of a counter electrode layer 236 formed
from NiWO, the counter electrode layer 236 also optically
transitions with the loss of ions it has transferred to the elec-
trochromic layer 232. When charge is removed from a
counter electrode layer 236 made of NiWO (e.g., ions are
transported from the counter electrode layer 236 to the elec-
trochromic layer 232), the counter electrode layer 236 will
transition in the opposite direction (e.g., from a transparent
state to a darkened state).

In some embodiments, ion conducting layer 234 serves as
a medium through which ions are transported (e.g., in the
manner of an electrolyte) when the electrochromic device 220
transitions between optical states. In some embodiments, ion
conducting layer 234 is highly conductive to the relevant ions
for the electrochromic and the counter electrode layers 232
and 236, but also has sufficiently low electron conductivity
such that negligible electron transfer occurs during normal
operation. A thin ion conducting layer 234 with high ionic
conductivity permits fast ion conduction and hence fast
switching for high performance electrochromic devices 220.
Electronic leakage current passes through layer 234 during
device operation. In some embodiments, ion conducting layer
234 can have a thickness in the range of approximately 0.01
pum to approximately 1 pm.

In some embodiments, ion conducting layer 234 also is
inorganic and solid. For example, ion conducting layer 234
can be formed from one or more silicates, silicon oxides,
tungsten oxides, tantalum oxides, niobium oxides, and
borates. The silicon oxides include silicon-aluminum-oxide.
These materials also can be doped with different dopants,
including lithium. Lithium-doped silicon oxides include
lithium silicon-aluminum-oxide.

In some other embodiments, the electrochromic and the
counter electrode layers 232 and 236 are formed immediately
adjacent one another, sometimes in direct contact, without
separately depositing an ion conducting layer. For example,
in some embodiments, electrochromic devices having an
interfacial region between first and second conductive elec-
trode layers rather than a distinct ion conducting layer 234 can
be utilized. Such devices, and methods of fabricating them,
are described in U.S. patent application Ser. Nos. 12/772,055
and 12/772,075, each filed 30 Apr. 2010, and in U.S. patent
application Ser. Nos. 12/814,277 and 12/814,279, each filed
11 Jun. 2010, all four of which are titled ELECTROCHRO-
MIC DEVICES and name Zhongchun Wang et al. as inven-
tors. Each of these four applications is incorporated by refer-
ence herein in its entirety.

In some embodiments, electrochromic device 220 also can
include one or more additional layers (not shown), such as
one or more passive layers. For example, passive layers used
to improve certain optical properties can be included in or on
electrochromic device 220. Passive layers for providing
moisture or scratch resistance also can be included in elec-
trochromic device 220. For example, the conductive layers
230 and 238 can be treated with anti-reflective or protective
oxide or nitride layers. Other passive layers can serve to
hermetically seal the electrochromic device 220.

Additionally, in some embodiments, one or more of the
layers in electrochromic stack 220 can contain some amount
of organic material. Additionally or alternatively, in some
embodiments, one or more of the layers in electrochromic
stack 220 can contain some amount of liquids in one or more
layers. Additionally or alternatively, in some embodiments,
solid state material can be deposited or otherwise formed by
processes employing liquid components such as certain pro-
cesses employing sol-gels or chemical vapor deposition.
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Additionally, transitions between a bleached or transparent
state and a colored or opaque state are but one example,
among many, of an optical or electrochromic transition that
can be implemented. Unless otherwise specified herein (in-
cluding the foregoing discussion), whenever reference is
made to a bleached-to-opaque transition (or to and from inter-
mediate states in between), the corresponding device or pro-
cess described encompasses other optical state transitions
such as, for example, intermediate state transitions such as
percent transmission (% T) to % T transitions, non-reflective
to reflective transitions (or to and from intermediate states in
between), bleached to colored transitions (or to and from
intermediate states in between), and color to color transitions
(or to and from intermediate states in between). Further, the
term “bleached” may refer to an optically neutral state, for
example, uncolored, transparent or translucent. Still further,
unless specified otherwise herein, the “color” of an electro-
chromic transition is not limited to any particular wavelength
or range of wavelengths.

Generally, the colorization or other optical transition of the
electrochromic material in electrochromic layer 232 is caused
by reversible ion insertion into the material (for example,
intercalation) and a corresponding injection of charge-bal-
ancing electrons. Typically, some fraction of the ions respon-
sible for the optical transition is irreversibly bound up in the
electrochromic material. Some or all of the irreversibly bound
ions can be used to compensate “blind charge” in the material.
In some embodiments, suitable ions include lithium ions
(Li+) and hydrogen ions (H+) (i.e., protons). In some other
embodiments, however, other ions can be suitable. Intercala-
tion of lithium ions, for example, into tungsten oxide (WO;_,
(0<y=~0.3)) causes the tungsten oxide to change from a trans-
parent (e.g., bleached) state to a blue (e.g., colored) state.

In particular embodiments described herein, the electro-
chromic device 220 reversibly cycles between a transparent
state and an opaque or tinted state. In some embodiments,
when the device is in a transparent state, a potential is applied
to the electrochromic stack 220 such that available ions in the
stack reside primarily in the counter electrode layer 236.
When the magnitude of the potential on the electrochromic
stack 220 is reduced or its polarity reversed, ions are trans-
ported back across the ion conducting layer 234 to the elec-
trochromic layer 232 causing the electrochromic material to
transition to an opaque, tinted, or darker state. In certain
embodiments, layers 232 and 236 are complementary color-
ing layers; that is, for example, when ions are transferred into
the counter electrode layer it is not colored. Similarly, when
or after the ions are transferred out of the electrochromic layer
it is also not colored. But when the polarity is switched, or the
potential reduced, however, and the ions are transferred from
the counter electrode layer into the electrochromic layer, both
the counter electrode and the electrochromic layers become
colored.

In some other embodiments, when the device is in an
opaque state, a potential is applied to the electrochromic stack
220 such that available ions in the stack reside primarily in the
counter electrode layer 236. In such embodiments, when the
magnitude of the potential on the electrochromic stack 220 is
reduced or its polarity reversed, ions are transported back
across the ion conducting layer 234 to the electrochromic
layer 232 causing the electrochromic material to transition to
a transparent or lighter state. These layers may also be
complementary coloring.

The optical transition driving logic can be implemented in
many different controller configurations and coupled with
other control logic. Various examples of suitable controller
design and operation are provided in the following patent



US 9,081,247 B1

19

applications, each incorporated herein by reference in its
entirety: U.S. patent application Ser. No. 13/049,623, filed
Mar. 16, 2011; U.S. patent application Ser. No. 13/049,756,
filed Mar. 16, 2011; U.S. Pat. No. 8,213,074, filed Mar. 16,
2011; U.S. patent application Ser. No. 13/449,235, filed Apr.
17, 2012; U.S. patent application Ser. No. 13/449,248, filed
Apr. 17, 2012; U.S. patent application Ser. No. 13/449,251,
filed Apr. 17, 2012; and U.S. patent application Ser. No.
13/326,168, filed Dec. 14, 2011. The following description
and associated figures, FIGS. 9 and 10, present certain non-
limiting controller design options suitable for implementing
the drive profiles described herein.

In some embodiments, electrical input 252 and electrical
input 254 receive, carry, or transmit complementary power
signals. In some embodiments, electrical input 252 and its
complement electrical input 254 can be directly connected to
the bus bars 242 and 244, respectively, and on the other side,
to an external power source that provides a variable DC
voltage (e.g., sign and magnitude). The external power source
can be a window controller (see element 114 of FIG. 10)
itself, or power from a building transmitted to a window
controller or otherwise coupled to electrical inputs 252 and
254. In such an embodiment, the electrical signals transmitted
through electrical inputs/outputs 258 and 260 can be directly
connected to a memory device to allow communication
between the window controller and the memory device. Fur-
thermore, in such an embodiment, the electrical signal input
to electrical input 256 can be internally connected or coupled
(within IGU 102) to either electrical input 252 or 254 or to the
bus bars 242 or 244 in such a way as to enable the electrical
potential of one or more of those elements to be remotely
measured (sensed). This can allow the window controller to
compensate for a voltage drop on the connecting wires from
the window controller to the electrochromic device 220.

In some embodiments, the window controller can be
immediately attached (e.g., external to the IGU 102 but
inseparable by the user) or integrated within the IGU 102. For
example, U.S. patent application Ser. No. 13/049,750 naming
Brown et al. as inventors, titted ONBOARD CONTROLLER
FOR MULTISTATE WINDOWS and filed 16 Mar. 2011,
incorporated by reference herein, describes in detail various
embodiments of an “onboard” controller. In such an embodi-
ment, electrical input 252 can be connected to the positive
output of an external DC power source. Similarly, electrical
input 254 can be connected to the negative output of the DC
power source. As described below, however, electrical inputs
252 and 254 can, alternately, be connected to the outputs of an
external low voltage AC power source (e.g.,atypical 24V AC
transformer common to the HVAC industry). In such an
embodiment, electrical inputs/outputs 258 and 260 can be
connected to the communication bus between the window
controller and a network controller. In this embodiment, elec-
trical input/output 256 can be eventually (e.g., at the power
source) connected with the earth ground (e.g., Protective
Earth, or PE in Europe) terminal of the system.

Although the voltages plotted in FIGS. 7 and 8 may be
expressed as DC voltages, in some embodiments, the voltages
actually supplied by the external power source are AC voltage
signals. In some other embodiments, the supplied voltage
signals are converted to pulse-width modulated voltage sig-
nals. However, the voltages actually “seen” or applied to the
bus bars 242 and 244 are effectively DC voltages. Typically,
the voltage oscillations applied at terminals 246 and 248 are
in the range of approximately 1 Hzto 1 MHz, and in particular
embodiments, approximately 100 kHz. In various embodi-
ments, the oscillations have asymmetric residence times for
the darkening (e.g., tinting) and lightening (e.g., bleaching)
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portions of a period. For example, in some embodiments,
transitioning from a first less transparent state to a second
more transparent state requires more time than the reverse;
that is, transitioning from the more transparent second state to
the less transparent first state. As will be described below, a
controller can be designed or configured to apply a driving
voltage meeting these requirements.

The oscillatory applied voltage control allows the electro-
chromic device 220 to operate in, and transition to and from,
one or more states without any necessary modification to the
electrochromic device stack 220 or to the transitioning time.
Rather, the window controller can be configured or designed
to provide an oscillating drive voltage of appropriate wave
profile, taking into account such factors as frequency, duty
cycle, mean voltage, amplitude, among other possible suit-
able or appropriate factors. Additionally, such a level of con-
trol permits the transitioning to any state over the full range of
optical states between the two end states. For example, an
appropriately configured controller can provide a continuous
range of transmissivity (% T) which can be tuned to any value
between end states (e.g., opaque and bleached end states).

To drive the device to an intermediate state using the oscil-
latory driving voltage, a controller could simply apply the
appropriate intermediate voltage. However, there can be more
efficient ways to reach the intermediate optical state. This is
partly because high driving voltages can be applied to reach
the end states but are traditionally not applied to reach an
intermediate state. One technique for increasing the rate at
which the electrochromic device 220 reaches a desired inter-
mediate state is to first apply a high voltage pulse suitable for
full transition (to an end state) and then back off to the voltage
of the oscillating intermediate state (just described). Stated
another way, an initial low frequency single pulse (low in
comparison to the frequency employed to maintain the inter-
mediate state) of magnitude and duration chosen for the
intended final state can be employed to speed the transition.
After this initial pulse, a higher frequency voltage oscillation
can be employed to sustain the intermediate state for as long
as desired.

In some embodiments, each IGU 102 includes a compo-
nent 250 that is “pluggable” or readily-removable from IGU
102 (e.g., for ease of maintenance, manufacture, or replace-
ment). In some particular embodiments, each plug-in com-
ponent 250 itself includes a window controller. That is, in
some such embodiments, each electrochromic device 220 is
controlled by its own respective local window controller
located within plug-in component 250. In some other
embodiments, the window controller is integrated with
another portion of frame 218, between the glass panes in the
secondary seal area, or within volume 226. In some other
embodiments, the window controller can be located external
to IGU 102. In various embodiments, each window controller
can communicate with the IGUs 102 it controls and drives, as
well as communicate to other window controllers, the net-
work controller, BMS, or other servers, systems, or devices
(e.g., sensors), via one or more wired (e.g., Ethernet) net-
works or wireless (e.g., WiFi) networks, for example, via
wired (e.g., Ethernet) interface 263 or wireless (WiFi) inter-
face 265. See FIG. 10. Embodiments having Ethernet or Wifi
capabilities are also well-suited for use in residential homes
and other smaller-scale non-commercial applications. Addi-
tionally, the communication can be direct or indirect, e.g., via
an intermediate node between a master controller such as
network controller 112 and the IGU 102.

FIG. 10 depicts a window controller 114, which may be
deployed as, for example, component 250. In some embodi-
ments, window controller 114 communicates with a network
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controller over a communication bus 262. For example, com-
munication bus 262 can be designed according to the Con-
troller Area Network (CAN) vehicle bus standard. In such
embodiments, first electrical input 252 can be connected to a
first power line 264 while second electrical input 254 can be
connected to a second power line 266. In some embodiments,
as described above, the power signals sent over power lines
264 and 266 are complementary; that is, collectively they
represent a differential signal (e.g., a differential voltage sig-
nal). In some embodiments, line 268 is coupled to a system or
building ground (e.g., an Earth Ground). In such embodi-
ments, communication over CAN bus 262 (e.g., between
microcontroller 274 and network controller 112) may pro-
ceed along first and second communication lines 270 and 272
transmitted through electrical inputs/outputs 258 and 260,
respectively, according to the CANopen communication pro-
tocol or other suitable open, proprietary, or overlying com-
munication protocol. In some embodiments, the communica-
tion signals sent over communication lines 270 and 272 are
complementary; that is, collectively they represent a difter-
ential signal (e.g., a differential voltage signal).

In some embodiments, component 250 couples CAN com-
munication bus 262 into window controller 114, and in par-
ticular embodiments, into microcontroller 274. In some such
embodiments, microcontroller 274 is also configured to
implement the CANopen communication protocol. Micro-
controller 274 is also designed or configured (e.g., pro-
grammed) to implement one or more drive control algorithms
in conjunction with pulse-width modulated amplifier or
pulse-width modulator (PWM) 276, smart logic 278, and
signal conditioner 280. In some embodiments, microcontrol-
ler 274 is configured to generate a command signal
V conmrann €8, in the form of a voltage signal, that is then
transmitted to PWM 276. PWM 276, in turn, generates a
pulse-width modulated power signal, including first (e.g.,
positive) component V., and second (e.g., negative) com-
ponentV ;. based on'V oopmsinn Power signals V., and
V g are then transmitted over, for example, interface 288, to
1GU 102, or more particularly, to bus bars 242 and 244 in
order to cause the desired optical transitions in electrochro-
mic device 220. In some embodiments, PWM 276 is config-
ured to modify the duty cycle of the pulse-width modulated
signals such that the durations of the pulses in signals V
and V 5, are not equal: for example, PWM 276 pulses V5,
with a first 60% duty cycle and pulses V 5, for a second 40%
duty cycle. The duration of the first duty cycle and the dura-
tion of the second duty cycle collectively represent the dura-
tion, tpy,,0f each power cycle. In some embodiments, PWM
276 can additionally or alternatively modify the magnitudes
of the signal pulses Vpy;, and Vpp,.

In some embodiments, microcontroller 274 is configured
to generate V - opnrivp based on one or more factors or sig-
nals such as, for example, any of the signals received over
CAN bus 262 as well as voltage or current feedback signals,
V5 and Iz respectively, generated by PWM 276. In some
embodiments, microcontroller 274 determines current or
voltage levels in the electrochromic device 220 based on
feedback signals Iz or Vz, respectively, and adjusts
V cormeann according to one or more rules or algorithms to
effect a change in the relative pulse durations (e.g., the rela-
tive durations of the first and second duty cycles) or ampli-
tudes of power signals Vy, and V;, to produce voltage
profiles as described above. Additionally or alternatively,
microcontroller 274 canalso adjust V oopmrnvp i1 T€SpONSe to
signals received from smart logic 278 or signal conditioner
280. For example, a conditioning signal V ., can be gener-
ated by signal conditioner 280 in response to feedback from
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one or more networked or non-networked devices or sensors,
such as, for example, an exterior photosensor or photodetec-
tor 282, an interior photosensor or photodetector 284, a ther-
mal or temperature sensor 286, or a tint command signal V .
For example, additional embodiments of signal conditioner
280 and V -, are also described in U.S. patent application
Ser.No. 13/449,235, filed 17 Apr. 2012, and previously incor-
porated by reference.

In certain embodiments, V. can be an analog voltage
signal between 0 V and 10V that can be used or adjusted by
users (such as residents or workers) to dynamically adjust the
tint of an IGU 102 (for example, a user can use a control in a
room or zone of building 104 similarly to a thermostat to
finely adjust or modify a tint of the IGUs 102 in the room or
zone) thereby introducing a dynamic user input into the logic
within microcontroller 274 that determines V ., 4,425 FOr
example, when set in the 0 to 2.5 V range, V . can be used to
cause a transition to a 5% T state, while when set in the 2.51
to 5V range, V. can be used to cause a transition to a 20% T
state, and similarly for other ranges such as 5.1 to 7.5V and
7.51 to 10 V, among other range and voltage examples. In
some embodiments, signal conditioner 280 receives the
aforementioned signals or other signals over a communica-
tion bus or interface 290. In some embodiments, PWM 276
also generates V .o nranvp based on asignal Vg, ., » - received
from smart logic 278. In some embodiments, smart logic 278
transmits Vg, -y OVer a communication bus such as, for
example, an Inter-Integrated Circuit (I*C) multi-master serial
single-ended computer bus. In some other embodiments,
smart logic 278 communicates with memory device 292 over
a 1-WIRE device communications bus system protocol (by
Dallas Semiconductor Corp., of Dallas, Tex.).

In some embodiments, microcontroller 274 includes a pro-
cessor, chip, card, or board, or a combination of these, which
includes logic for performing one or more control functions.
Power and communication functions of microcontroller 274
may be combined in a single chip, for example, a program-
mable logic device (PLD) chip or field programmable gate
array (FPGA), or similar logic. Such integrated circuits can
combine logic, control and power functions in a single pro-
grammable chip. In one embodiment, where one pane 216 has
two electrochromic devices 220 (e.g., on opposite surfaces)
or where IGU 102 includes two or more panes 216 that each
include an electrochromic device 220, the logic can be con-
figured to control each of the two electrochromic devices 220
independently from the other. However, in one embodiment,
the function of each of the two electrochromic devices 220 is
controlled in a synergistic fashion, for example, such that
each device is controlled in order to complement the other.
For example, the desired level of light transmission, thermal
insulative effect, or other property can be controlled via a
combination of states for each of the individual electrochro-
mic devices 220. For example, one electrochromic device
may be placed in a colored state while the other is used for
resistive heating, for example, via a transparent electrode of
the device. In another example, the optical states of the two
electrochromic devices are controlled so that the combined
transmissivity is a desired outcome.

In general, the logic used to control electrochromic device
transitions can be designed or configured in hardware and/or
software. In other words, the instructions for controlling the
drive circuitry may be hard coded or provided as software. In
may be said that the instructions are provided by “program-
ming”. Such programming is understood to include logic of
any form including hard coded logic in digital signal proces-
sors and other devices which have specific algorithms imple-
mented as hardware. Programming is also understood to
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include software or firmware instructions that may be
executed on a general purpose processor. In some embodi-
ments, instructions for controlling application of voltage to
the bus bars are stored on a memory device associated with
the controller or are provided over a network. Examples of
suitable memory devices include semiconductor memory,
magnetic memory, optical memory, and the like. The com-
puter program code for controlling the applied voltage can be
written in any conventional computer readable programming
language such as assembly language, C, C++, Pascal, Fortran,
and the like. Compiled object code or scriptis executed by the
processor to perform the tasks identified in the program.

As described above, in some embodiments, microcontrol-
ler 274, or window controller 114 generally, also can have
wireless capabilities, such as wireless control and powering
capabilities. For example, wireless control signals, such as
radio-frequency (RF) signals or infra-red (IR) signals can be
used, as well as wireless communication protocols such as
WiFi (mentioned above), Bluetooth, Zigbee, EnOcean,
among others, to send instructions to the microcontroller 274
and for microcontroller 274 to send data out to, for example,
other window controllers, a network controller 112, or
directly to a BMS 110. In various embodiments, wireless
communication can be used for at least one of programming
or operating the electrochromic device 220, collecting data or
receiving input from the electrochromic device 220 or the
IGU 102 generally, collecting data or receiving input from
sensors, as well as using the window controller 114 as a relay
point for other wireless communications. Data collected from
IGU 102 also can include count data, such as a number of
times an electrochromic device 220 has been activated
(cycled), an efficiency of the electrochromic device 220 over
time, among other useful data or performance metrics.

The window controller 114 also can have wireless power
capability. For example, window controller can have one or
more wireless power receivers that receive transmissions
from one or more wireless power transmitters as well as one
or more wireless power transmitters that transmit power
transmissions enabling window controller 114 to receive
power wirelessly and to distribute power wirelessly to elec-
trochromic device 220. Wireless power transmission
includes, for example, induction, resonance induction, RF
power transfer, microwave power transfer, and laser power
transfer. For example, U.S. patent application Ser. No.
12/971,576 naming Rozbicki as inventor, titled WIRELESS
POWERED ELECTROCHROMIC WINDOWS and filed 17
Dec. 2010, incorporated by reference herein, describes in
detail various embodiments of wireless power capabilities.

In order to achieve a desired optical transition, the pulse-
width modulated power signal is generated such that the
positive component V 55, is supplied to, for example, bus bar
244 during the first portion of the power cycle, while the
negative component V ;- is supplied to, for example, bus bar
242 during the second portion of the power cycle.

In some cases, depending on the frequency (or inversely
the duration) of the pulse-width modulated signals, this can
result in bus bar 244 floating at substantially the fraction of
the magnitude of V,;, that is given by the ratio of the dura-
tion of the first duty cycle to the total duration ty,, of the
power cycle. Similarly, this can result in bus bar 242 floating
at substantially the fraction of the magnitude of V,,,, that is
given by the ratio of the duration of the second duty cycle to
the total duration t,,, of the power cycle. In this way, in
some embodiments, the difference between the magnitudes
of the pulse-width modulated signal components V;, and
V e 18 twice the effective DC voltage across terminals 246
and 248, and consequently, across electrochromic device 220.
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Said another way, in some embodiments, the difference
between the fraction (determined by the relative duration of
the first duty cycle) of V- applied to bus bar 244 and the
fraction (determined by the relative duration of the second
duty cycle) of V-, applied to bus bar 242 is the effective DC
voltage V o applied to electrochromic device 220. The cur-
rent IEFF through the load—electromagnetic device 220—is
roughly equal to the effective voltage VEFF divided by the
effective resistance (represented by resistor 316) or imped-
ance of the load.

Other Embodiments

Although the foregoing embodiments have been described
in some detail to facilitate understanding, the described
embodiments are to be considered illustrative and not limit-
ing. It will be apparent to one of ordinary skill in the art that
certain changes and modifications can be practiced within the
scope of the appended claims. For example, while the drive
profiles have been described with reference to electrochromic
devices having planar bus bars, they apply to any bus bar
orientation in which bus bars of opposite polarity are sepa-
rated by distances great enough to cause a significant ohmic
voltage drop in a transparent conductor layer from one bus bar
to another. Further, while the drive profiles have been
described with reference to electrochromic devices, they can
be applied to other devices in which bus bars of opposite
polarity are disposed at opposite sides of the devices.

The invention claimed is:

1. A controller for controlling the optical state of a thin film
electrochromic device, the controller comprising:

circuitry for applying voltage or providing instructions to
apply voltage between bus bars on the thin film electro-
chromic device;

aprocessing component designed or configured to perform
the following operations:

(1) determine that the thin film electrochromic device
should transition from a first optical state to a second
optical state; and

(ii) provide a first applied voltage between the bus bars on
the thin film electrochromic device in response to deter-
mining that the thin film electrochromic device should
transition from the first optical state to the second optical
state,

wherein the first applied voltage has a magnitude such that
the area of the thin film electrochromic device between
the bus bars experiences an effective voltage between a
maximum effective voltage that avoids damaging the
thin film electrochromic device and a minimum effec-
tive voltage that drives the transition from the first opti-
cal state to the second optical state, and

wherein the first applied voltage is greater than the maxi-
mum effective voltage.

2. The controller of claim 1, wherein the processing com-
ponent is designed or configured to lower the magnitude of
the first applied voltage between the bus bars from the first
voltage during the course of the transition from the first opti-
cal state to the second optical state.

3. The controller of claim 2, wherein the processing com-
ponent is designed or configured to apply a ramp to drive
voltage, a drive voltage, a ramp to hold voltage, and a hold
voltage during the transition.

4. The controller of claim 1, wherein the processing com-
ponent comprises a microcontroller.

5. The controller of claim 1, wherein the circuitry com-
prises a pulse width modulated amplifier or a pulse width
modulator.
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6. The controller of claim 1, wherein the first applied volt-
age is between about 2.5 and 5 volts.

7. The controller of claim 1, wherein the first applied volt-
age is about 0.5 to 2.0 volts greater than the maximum effec-
tive voltage.

8. The controller of claim 1, wherein the effective voltage
in the area of the thin film electrochromic device between the
bus bars is between about 0.5V and 4V.

9. The controller of claim 8, wherein the first applied volt-
age is between about 2.3 and 6 volts.

10. The controller of claim 8, wherein the first applied
voltage is between about 3.5 and 5 volts.

11. The controller of claim 1, wherein the maximum effec-
tive voltage is about 2.5 volts or lower and the minimum
effective voltage is about 1.2 volts or higher.

12. The controller of claim 1, wherein, during the transi-
tion, the first applied voltage causes the effective voltage in
the area between the bus bars to be between about 1V and 3V.

13. The controller of claim 1, wherein, during the transi-
tion, the maximum effective voltage is below about 3V.

14. The controller of claim 1, wherein, during the transi-
tion, the minimum effective voltage is above about 1.2 V.

15. The controller of claim 1, wherein, during the transi-
tion, the effective voltage can drive an optical transition in
about 45 minutes of less.

16. The controller of claim 1, during the transition, the
effective voltage can drive a complete optical transition in
about 10 minutes of less.

17. The controller of claim 1, wherein, during the transi-
tion, the effective voltage has a greatest magnitude at the edge
of the thin film electrochromic device.

18. The controller claim 1, wherein the maximum effective
voltage does not cause an irreversible reaction.

19. An electrochromic device and control system compris-
ing:

the controller of claim 1; and

a thin film electrochromic device having bus bars electri-

cally coupled to the controller.

20. The electrochromic device and control system of claim
19, wherein the bus bars are disposed at opposite sides of the
thin film electrochromic device.

21. The electrochromic device and control system of claim
19, wherein the thin film electrochromic device has its bus
bars separated by a distance of at least about 30 inches.

22. The electrochromic device and control system of claim
19, wherein the thin film electrochromic device has its bus
bars separated by a distance of at least about 40 inches.

23. The electrochromic device and control system of claim
19, wherein the thin film electrochromic device has a rectan-
gular shape and the bus bars are positioned substantially
perpendicular to the smaller dimension of the shape.

24. The electrochromic device and control system of claim
19, wherein the bus bars have a planar configuration.

25. The electrochromic device and control system of claim
19, wherein the bus bars are substantially linear and disposed
on opposite sides of the thin film electrochromic device.

26. The electrochromic device and control system of claim
19, wherein the thin film electrochromic device has two trans-
parent conductive layers, each with a sheet resistance R, and
wherein the bus bars are substantially parallel and separated
by a distance L, and wherein the thin film electrochromic
device has a value of R_*J*L? of greater than about 3V.

27. A method of controlling the optical state of a thin film
electrochromic device, the method comprising:

(a) determining that the thin film electrochromic device

should transition from a first optical state to a second
optical state; and
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(b) providing a first applied voltage between the bus bars of
the thin film electrochromic device in response to deter-
mining that the thin film electrochromic device should
transition from the first optical state to the second optical
state,

wherein the first applied voltage has a magnitude such that
the area of the thin film electrochromic device between
the bus bars experiences an effective voltage between a
maximum effective voltage that avoids damaging the
thin film electrochromic device and a minimum effec-
tive voltage that drives the transition from the first opti-
cal state to the second optical state, and

wherein the first applied voltage is greater than the maxi-
mum effective voltage.

28. The method of claim 27, wherein the effective voltage
in the area of the thin film electrochromic device between the
bus bars is between about 0.5V and 4V.

29. The method of claim 27, wherein the first applied
voltage is about 0.5 to 2.0 volts greater than the maximum
effective voltage.

30. The method of claim 29, wherein the first applied
voltage is between about 2.3 and 6 volts.

31. The method of claim 29, wherein the first applied
voltage is between about 3.5 and 5 volts.

32. The method of claim 27, wherein the first applied
voltage is about 2.5 to 5 volts.

33. The method of claim 27, wherein, during the transition,
the first applied voltage causes the effective voltage in the area
between the bus bars to be between about 1V and 3V.

34. The method of claim 27, wherein, during the transition,
the maximum effective voltage is below about 3V.

35. The method of claim 27, wherein, during the transition,
the minimum effective voltage is above about 1.2 V.

36. The method of claim 27, wherein, during the transition,
the effective voltage can drive an optical transition in about 45
minutes of less.

37. The method of claim 27, during the transition, the
effective voltage can drive a complete optical transition in
about 10 minutes of less.

38. The method of claim 27, wherein, during the transition,
the effective voltage has a greatest magnitude at the edge of
the thin film electrochromic device.

39. The method of claim 27, wherein the maximum effec-
tive voltage does not cause an irreversible reaction.

40. The method of claim 27, further comprising maintain-
ing the effective voltage at all locations on the thin film
electrochromic device during the transition from the first
optical state to the second optical state.

41. The method of claim 40, further comprising lowering
the magnitude of the first applied voltage between the bus
bars from the first voltage during the course of the transition
from the first optical state to the second optical state.

42. The method of claim 27, wherein the maximum effec-
tive voltage about 2.5 volts or lower and the minimum effec-
tive voltage is about 1.2 volts or higher.

43. The method of claim 27, further comprising ramping
the applied voltage to the bus bars at a defined ramp rate until
reaching the first applied voltage.

44. The method of claim 27, further comprising holding the
first applied voltage to the bus bars for a defined period.

45. The method of claim 27, further comprising ramping
the applied voltage to the bus bars from the first applied
voltage to ahold voltage having a smaller magnitude than the
first applied voltage.

46. The method of claim 45, wherein ramping the applied
voltage to the bus bars from the first applied voltage to a hold
voltage occurs at a defined ramp rate.
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47. A controller for controlling the optical state of a thin
film electrochromic device, the controller comprising:

circuitry for applying voltage or providing instructions to
apply voltage between bus bars on the thin film electro-
chromic device;

a non-transitory medium storing instructions for control-
ling the circuitry, the instructions comprising

(1) code for determining that the thin film electrochromic
device should transition from a first optical state to a
second optical state; and

(ii) code for providing a first applied voltage between the
bus bars of the thin film electrochromic device in
response to determining that the thin film electrochro-
mic device should transition from the first optical state to
the second optical state,

wherein the first applied voltage causes the area of the thin
film electrochromic device between the bus bars to expe-
rience an effective voltage between a maximum effec-
tive voltage that avoids damaging the thin film electro-
chromic device and a minimum effective voltage that
drives the transition from the first optical state to the
second optical state, and

wherein the first applied voltage is greater than the maxi-
mum effective voltage.
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